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Abstract
Cuprous oxide (Cu2O) is an earth abundant semiconductor that has several
promising photovoltaic properties, including high absorption in the visible
range, high minority carrier diffusion length, and high majority carrier mo-
bility. Cu2O can be easily synthesized by oxidation of copper foils in air. One
important advantage that makes Cu2O highly relevant to today’s solar cell
markets dominated by crystalline silicon is its wide bandgap of 1.9 eV at room
temperature, which makes it an ideal candidate for a top cell in tandem with a
crystalline silicon bottom cell. The detailed balance efficiency of such a device
exceeds 44%.
In this work we aim to address several issues that have limited Cu2O solar
cell efficiency. We address the intrinsic p-type nature and chemical instabil-
ity of Cu2O by pairing it with an appropriate n-type heterojunction partner
Zn(O,S), which allows us to achieve devices with open circuit voltages exceed-
ing 1 V. We identify presence of a current blocking layer and reduce it, which
results in more than doubling the short circuit current to exceed 5 mA/cm2.
Light beam induced current measurements shed light on some of the issues in-
herent to polycrystalline Cu2O solar cells, including grain dependent collection
and current losses due to presence of grain boundaries.
In order to address the issues affecting Cu2O made by thermal oxidation we
also develop thin film growth of Cu2O by molecular beam epitaxy on several
substrates including MgO and heteroepitaxial noble metal templates that act
as ohmic back contacts. These studies culminate in achievement of the first
Cu2O/Zn(O,S) solar cells incorporating an absorber layer grown by molecular
beam epitaxy.
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Chapter 1
Introduction
1.1 Basics of photovoltaics
A basic solar cell consists of a junction between a p-type (or hole-doped)
and an n-type (or electron-doped) semiconductor, as shown in Figure 1.1. In
thermal equilibrium, the potential difference between the two sides will cause
holes from the p-type region to move into the n-type region, and electrons
from the n-type region to move into the p-type region, establishing a depletion
(or space-charge) region. At equilibrium, the electric field established by the
space charge region will balance the diffusion of carriers.
Figure 1.1: Basic solar cell schematic.
1
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Absorption of photons with energies above the band gap will excite an
electron from the valence band of the semiconductor to the conduction band,
leaving behind a hole. These generated charges will then diffuse until they
enter the space charge region, where electrons will be swept by the electric
field towards the n-type layer and holes will be swept towards the p-type layer
and eventually to the contacts to drive an external load.
Figure 1.2: Current-voltage behavior and equivalent circuit of a solar cell.
Figure 1.2 shows the current-voltage behavior of a solar cell and illustrates
some important parameters that define solar cell performance. The open-
circuit voltage (VOC) is related to the band offsets between the n and p-type
materials as well as the quality of the interface. The short circuit current (JSC)
is a measure of the photocurrent collected by the solar cell. In addition, the
fill factor (FF) is a measure of the squareness of the J-V curve and is typically
reduced by high series resistance (Rs) or low shunt resistance (Rsh).
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1.2 Motivation for Cu2O photovoltaics
Cuprous oxide (Cu2O) was one of the first known semiconductors, but its po-
tential application in photovoltaics was not seriously explored until alternative
materials for solar first garnered attention during the oil crisis of the 1970s.
[1] Many of Cu2O’s photovoltaic properties were characterized at that time,
however device efficiencies were limited by several factors, many of which are
still pertinent today. The second wave of research on earth-abundant solar ma-
terials came during the silicon crisis of the mid-2000s; however, current trends
seem to indicate that silicon is going to remain the dominant player in the solar
industry. One interesting advantage held by semiconductors like Cu2O that
have large bandgaps is that instead of competing with the dominant silicon
technologies, the addition of a Cu2O top cell to make a tandem cell stack can
potentially improve upon the performance of a crystalline silicon bottom cell.
In such a tandem configuration, the Cu2O solar cell needs to have a power
conversion efficiency above 8%. As we will see shortly, this is already a reality,
which makes Cu2O a highly relevant material. The detailed balance efficiency
limit for a single junction Cu2O solar cell has been calculated to exceed 20%
and for a dual junction with a crystalline Si bottom cell, this efficiency is 44%
[2].
Cu2O is composed of earth-abundant and non-toxic elements and can be
easily fabricated by oxidizing copper foils in air and cooling within the ther-
modynamic region of stability of the Cu2O phase. A thermodynamic phase
diagram is shown in Figure 1.3. A more detailed phase diagram of the high
temperature region can be found in [3]. This method of preparation has yielded
material with high absorption coefficient in the visible region, hole mobilities
exceeding 100 cm2V−1s−1, and minority carrier diffusion lengths in excess of
10 µm. [4, 5]
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Figure 1.3: Thermodynamic phase diagram of Cu-O. [1]
1.3 Energy band alignment
Several important issues have impeded production of high efficiency Cu2O
devices. One of the main challenges stems from the intrinsically p-type nature
of Cu2O due to copper vacancy doping. This requires a heterojunction partner
material with a suitable energy band alignment in order to enable charge
separation in the device.
The low electron affinity of Cu2O (3.2 eV) limits potential heterojunction
candidates to those with similarly low conduction band edge energies. In ad-
dition, the small heat of formation of Cu2O (-170.7 kJ/mol) [6] means that
the surface is susceptible to reduction and oxidation. Prior work shows that
a stoichiometric Cu2O interface produces the highest efficiency devices [2, 7].
It is thus imperative to find a heterojunction partner material that has an ap-
propriate band offset and allows formation of a stoichiometric Cu2O interface.
Much of previous work has paired Cu2O with ZnO; however, the staggered
type II band alignment between these two materials fundamentally limits the
1.3. Energy band alignment 5
Voc to less than 600 mV, which is significantly less than the entitlement for
Cu2O of 1.5 V.
Recently, Ga2O3 [8, 9, 10], Zn(O,S) [2, 11, 12], and Zn1−xGexO [13] have
emerged as suitable heterojunction partner candidates for Cu2O due to their
favorable band alignment, and solar cells with open circuit voltages exceeding
1 V have been fabricated. Currently, the highest efficiency device, which in-
corporates a polycrystalline Cu2O absorber and a Zn1−xGexO buffer layer, is
8.1% [13].
What does an ideal band alignment look like for a heterojunction? Figure
1.4 shows idealized energy band positions for the components (a) in isolation,
and (b) after bringing the materials together after equilibration of the Fermi
level, EF. In order to maximize the open circuit voltage of the device, the
conduction band of the buffer layer needs to be slightly above the conduction
band of Cu2O, such that ∆EC is approximately 0.3 eV or less. This ensures
that electrons generated in the Cu2O by photon absorption can travel through
the buffer and window layers towards the front contact without experiencing
too much of a barrier. At the same time a slightly positive ∆EC will help
minimize surface recombination between the Cu2O and buffer. In the case of
the valence band offset, ∆EV , we want the valence band of the Cu2O to sit
much higher than the valence band of the buffer, which will block holes from
traveling into the buffer and causing recombination.
The heterojunction partners that have so far produced high open circuit
voltages, namely Ga2O3 and Zn(O,S), have demonstrated a slight positive
conduction band offset and a large negative valence band offset. [11, 15, 16]
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Figure 1.4: Idealized energy band positions for a heterojunciton solar cell with
a p-type absorber (a) in isolation, and (b) after bringing the materials together.
[14]
1.4 Scope of this thesis
This thesis seeks to identify and address the issues that limit photovoltaic
efficiency of Cu2O solar cells.
• Development of Cu2O growth by molecular beam epitaxy: We
have identified several undesirable properties in bulk thermally oxidized
wafers, as well as sputtered and electrodeposited thin films of Cu2O.
One way to overcome these issues is to use molecular beam epitaxy,
which is a UHV thin film growth technique that can potentially produce
high quality material by allowing precise control of growth parameters.
In chapter 2, we develop this technique to grow single phase, single
orientation thin films of Cu2O initially on MgO single crystals, which
are the closest lattice matched substrates and therefore ideal for epitaxy.
However, to make a solar cell we need to be able to contact the back
surface of the Cu2O film and since photolithography recipes have not
been studied in great detail for this material we instead focus on growing
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it heteroepitaxially on an ohmic contact material. In chapter 3, we use
bias-assisted sputtering to develop such templates. In chapter 4, we
explore growth of Cu2O by molecular beam epitaxy on these templates.
• Study of Cu2O/Zn(O,S) heterojunctions: In chapter 5 we explore
the suitability of Zn(O,S) as a heterojunction partner using Cu2O bulk
thermally oxidized wafers. We identify sources of high series resistance,
namely ZnSO4, which forms at the interface between Cu2O and Zn(O,S)
at low temperature. The formation of this undesirable, yet thermody-
namically favorable phase can be mitigated by depositing at elevated
substrate temperatures, and we find that 100◦C is the temperature at
which the short circuit current and the efficiency are maximized. We
also conduct light beam induced current measurements, which show that
bulk polycrystalline Cu2O devices exhibit grain-dependent photocurrent
collection and identify grain boundaries are photocurrent sinks.
• First devices incorporating MBE-grown Cu2O absorber: We con-
clude chapter 5 by fabricating and analyzing the first Cu2O/Zn(O,S) so-
lar cells made using molecular beam epitaxy to grow the Cu2O absorber
layer.
• Appendices: Oxide MBE and PLD user guides: Much of my time
was spent using, fixing, and maintaining the oxide molecular beam epi-
taxy and the pulsed laser deposition systems. In an attempt to transfer
this knowledge I have written user guides for both of these systems.
Chapter 2
Molecular Beam Epitaxy of
Cu2O Thin Films on MgO
2.1 Introduction to Molecular Beam Epitaxy
The term “epitaxy” refers to growth of a crystalline film on a crystalline sub-
strate, such that the crystallographic structure and orientation of the sub-
strate influences that of the film. [17, 18] Furthermore, growth of material A
on substrate B is referred to as “heteroepitaxy.” Molecular beam epitaxy is
a physical vapor deposition technique which is typically carried out in ultra-
high vacuum (UHV), i.e. at pressures below 10−9 Torr. The source material is
typically thermally evaporated from a solid or liquid elemental source, forming
a “molecular beam” that settles on the substrate. [19, 20, 21] When reactive
deposition of materials is necessary, process gases or plasma sources can be
added to the system. In the case of experiments detailed in this thesis, an
RF atom source is used to partially split O2 molecules into monatomic oxygen
using an RF plasma. These oxygen atoms can then travel to the substrate and
react to form oxides.
8
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Figure 2.1 shows the basic layout of the system used in this thesis. The
system was home built by R. T. Brewer. [22]. A detailed procedure for oper-
ation of this instrument is presented in Appendix A. Samples are loaded into
the load lock and pumped down using a small turbo-drag pump. The samples
are then transferred into the main chamber, which is actively pumped by a
cryogenic pump operating at 11 K. The chamber is equipped with a residual
gas analyzer (RGA), which detects and quantifies the gaseous species present
in the chamber. The Cu source is a high temperature effusion cell with a py-
rolytic boron nitride conical crucible filled with 6N pure Cu metal pellets. The
vapor pressure of Cu is low in the solid phase, so the cell needs to be heated
above 1200◦C to achieve an appreciable Cu flux.
Figure 2.1: Schematic of plasma-assisted MBE chamber.
2.1.1 Reflection high energy electron diffraction
One of the most powerful in situ characterization techniques available in a
molecular beam epitaxy system is reflection high energy electron diffraction
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(RHEED). The system consists of a focused electron beam of 15 - 20 keV en-
ergy that is incident on the sample at a grazing angle θ, as shown in Figure 2.2,
and a CCD camera that records the diffraction pattern incident on a phosphor
screen. Diffracted intensity is seen when the reciprocal lattice of the surface
material crosses the Ewald sphere. The resulting surface diffraction pattern
is very useful for determining the surface structure of both the substrate and
the growing film.
Figure 2.2: Ewald sphere construction of RHEED geometry.
Figure 2.3 shows the features typically seen in RHEED patterns. An amor-
phous surface would not show any features besides a diffuse scattering of elec-
trons. A polycrystalline sample will show a RHEED pattern consisting of rings
because the reciprocal space of a polycrystalline sample is a set of concentric
spheres, which, when crossing the Ewald sphere will appear as rings. A rough
but oriented crystalline surface will produce a three-dimensional transmission
electron diffraction pattern, similar to ones seen in TEM. When the film grows
in islands this is the most common pattern, as we will see later in this chapter.
The reciprocal space of a perfect surface consists of infinite rods in the direc-
tion normal to the surface. These rods are broadened by thermal vibrations
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and other defects in the crystal. In addition, broadening of the Ewald sphere
itself can occur as a result of energy variations in the electron beam. Thus
the RHEED pattern of a single crystal consists of streaks. The streaks will be
shortened by presence of an non-zero offcut of the sample surface or atomic
steps on the surface, with larger steps producing longer streaks.
Figure 2.3: Effect of film structure on RHEED pattern.
2.1.2 Thin film growth modes
The mode of growth of an epitaxial film depends on several factors, including
the surface structure and quality of the substrate, lattice mismatch between the
two materials, growth conditions such as temperature and flux, and energies
associated with all the possible interfaces. There are three basic growth modes
that can occur, and they are shown schematically in Figure 2.4. The layer-by-
layer, also known as Frank-van der Merwe, or two-dimensional mode, typically
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occurs when the surface energy of the substrate is higher than the interface
energy between the film and substrate and consequently the film atoms have a
strong preference for binding to the substrate. This mode is also characterized
by the presence of fast diffusion of surface atoms such that they can find the
lowest energy sites. The two-dimensional growth mode is typically preferred
because it yields the highest crystalline quality and smooth surfaces.
Figure 2.4: Thin film growth modes. Θ refers to monolayer (ML) coverage of
the surface.
Initial layer-by-layer growth can turn into island growth in the Stranski-
Krastanov growth mode. This typically occurs due to a change in energetics
beyond a critical layer thickness, which is related to the chemical potential
of the film as well as strain. Once layer-by-layer growth breaks down, the
subsequent layers form from the nucleation and coalescence of islands. The
third growth mode is the island, or Volmer-Weber mode. This arises when
the film atoms are more likely to bind to each other than to the substrate.
Eventually, as growth proceeds, these islands will merge to form a rough film.
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2.2 Growth of Cu2O on MgO
Arguably the strongest motivation for Cu2O in photovoltaic applications is its
relatively large band gap of 2.1 eV (and exciton gap at 1.9 eV), which make
it a promising candidate as a top cell in a tandem solar cell combined with a
crystalline silicon bottom cell. In order for such a tandem cell to improve upon
existing Si cell efficiency, a Cu2O cell efficiency approaching 10% is required
[23]. The development of such a structure would require synthesis by thin
film methods, and molecular beam epitaxy (MBE) provides precise control
over many deposition parameters and generally yields high quality material.
MBE synthesis of Cu2O on MgO substrates has been demonstrated using pure
atomic oxygen [24, 25, 26], however no reports of a diluted oxygen plasma have
been made to date. Also, growth on MgO (1 1 0) surface has been reported
by sputtering [27] and pulsed laser deposition [28], but not by MBE. DFT
calculations [29] show that the Cu2O (1 1 0) surface has the lowest energy,
so it is reasonable to assume that a substrate that promotes growth in this
direction may foster Cu2O phase stability over a larger range of deposition
parameters, and this is consistent with results of this work. We compare the
structural properties of Cu2O films grown using a pure oxygen atmosphere to
films grown using a 90%Ar/10%O2 premix, on (1 0 0) and (1 1 0) orientations
of MgO.
2.2.1 Experimental Setup
Thin films of CuxO were grown in a custom molecular beam epitaxy system
equipped with an Oxford RF atom source. RF atom sources dissociate molec-
ular species (such as O2 or N2) into atomic species for increased reactivity
while minimizing ionic species which typically have high kinetic energies and
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are associated with creation of point defects. Ionic components of the plasma
that escape the atom source were further filtered out by ion deflection plates.
Thus the current of gas species was composed of atomic argon and/or oxygen.
Oxygen (Air Liquide, 99.9999% purity) partial pressure was varied between
1× 10−7 and 1× 10−5 Torr. For growths with argon/oxygen premix (Air Liq-
uide, 99.9999% purity, 10.0% oxygen, balance argon), the gas partial pressure
of argon was correspondingly an order of magnitude higher. The presence of
argon allowed for stability of the plasma, while decreasing the partial pressure
of reactive oxygen species. Partial pressures were monitored by a residual gas
analyzer (RGA). Atom source plasma power was varied between 100 and 200
W and plasma optical emission voltage ranged from 1 V to 3 V during film
deposition. Plasma emission voltage corresponds to the intensity of light emit-
ted from the plasma and correlates with the efficiency of dissociation of the
molecular gas into its atomic components. The growth chamber base pressure
was < 3 × 10−9 Torr. Copper metal (6N, Alfa Aesar) was evaporated from a
high temperature effusion cell at a temperature ranging from 1250-1300 ◦C.
CuxO was formed reactively at the surface of the substrate kept at a tem-
perature ranging from 400-650 ◦C. MgO was chosen as a substrate because
it is the closest lattice matched commercially available single crystal; it is
also refractory, transparent, and non-conductive, which makes it suitable for a
variety of electrical and optical characterization techniques. MgO substrates
were cleaned in situ by annealing at deposition temperature for an hour and
subsequently plasma cleaned for 10 minutes. In situ reflection high energy
electron diffraction (RHEED, with electron beam energy of 20 keV) was used
to confirm cleanliness and orientation of the substrate surface and monitor film
structure at various stages of the growth. Ex situ characterization included
high resolution x-ray diffraction (HRXRD, Panalytical XPert Pro), transmis-
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sion electron microscopy (TEM, FEI Tecnai F30 with S-TWIN objective, 300
keV electron energy), and atomic force microscopy (AFM, Asylum Research
MFP 3D). TEM cross sections were prepared using standard focused ion beam
milling on an FEI Versa 3D).
2.2.2 Growth using pure oxygen plasma
Figure 2.5: HRXRD spectra of CuxO films grown on MgO (1 0 0) at (a) 1×10−6
Torr and (b) 5 × 10−6 Torr oxygen, both cases corresponding to presence of
undesirable phases and (c) pure phase Cu2O film grown on MgO (1 1 0) at
9× 10−6 Torr.
Growth of CuxO on MgO was initially studied by varying oxygen partial
pressure (using pure oxygen gas) and substrate temperature, while fixing the
Cu effusion cell temperature at 1275 ◦C, atom source plasma power at 100
W, and plasma optical emission voltage at 1 V (which corresponds to the
lower range of stability of the plasma source). As illustrated in Figure 2.5
(a-b), the growth window for the Cu2O phase on MgO (1 0 0) was found to
be too narrow to reproducibly grow single phase films. Raising the pressure
of oxygen by only half an order of magnitude, while maintaining otherwise
identical growth parameters and low oxygen plasma power, changed the film
composition from a mixture of Cu2O and Cu to CuO. Figure 2.5 (c) shows that
single-phase epitaxial growth of Cu2O on MgO (1 1 0) is achievable within a
narrow range of deposition parameters using pure oxygen. It should be noted
that using pure oxygen, two orientations of Cu2O, namely the (1 1 0) and (2 0 0)
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are commonly present.
The difficulty of growing single phase, single orientation Cu2O on MgO
(1 0 0) has been demonstrated before, and it is known that the (1 1 0) MgO
orientation is more amenable to unidirectional Cu2O epitaxy, and regardless
of substrate orientation, growth of Cu2O in the (1 1 0) direction is usually
preferred compared to (1 0 0). Although reasons for this are still debated and
different epitaxial relationships have been reported [24, 25, 30, 31], density
functional theory calculations show that the Cu2O (1 1 0):CuO surface has the
lowest energy, and generally the nonpolar Cu2O (1 1 0) surfaces have lower
energies than the polar Cu2O (1 0 0) surfaces [29]. Lattice mismatch seems to
be less important than surface energy in determining the preferential growth
direction [24].
Figure 2.6: RHEED images of Cu2O growth on MgO using pure oxygen
plasma. (a) Plasma cleaned MgO (1 0 0) surface along the [1 1 0] azimuth, (b)
100 nm of Cu2O showing growth initiates and persists in the Volmer-Weber or
island regime and the pattern is a superposition of the Cu2O [1 1 1] and [2 1 1]
zone axis transmission patterns; (c) indexing of diffraction spots in (b) along
[1 1 1] zone axis (black) and [2 1 1] zone axis (gray); (d) plasma cleaned MgO
(1 1 0) surface along the [1 1 1] azimuth, (e) 10 nm of Cu2O along [1 1 1] again
initiates with island growth (for spot indexing refer to Fig. 2.6 (f)), (f) after
100 nm of Cu2O viewed along [1 1 1], islands merge into a smooth film with
steps, as evidenced by a streaky pattern.
Figure 2.6 (a-c) shows RHEED patterns for growth of Cu2O on MgO (1 0 0).
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Growth of Cu2O initiates with islands corresponding to two symmetrically
equivalent variants of the Cu2O (1 1 0) surface such that the pattern in Figure
2.6 (b) is a superposition of the Cu2O [1 1 1] and [2 1 1] zone axis transmission
patterns. Figure 2.6 (c) shows the schematic indexing of the diffraction spots.
These results are consistent with the literature results of Cu2O growth on
MgO (1 0 0) [24, 31]. Figure 2.6 (b) (d-f) shows that growth of Cu2O on MgO
(1 1 0) starts in the Volmer-Weber or island regime, and the islands eventually
merge to form a smooth and continuous film with some surface disorder as
evidenced by the streaky nature of the pattern [32]. Note that the RHEED
pattern corresponds to only a single orientation of the film, which indicates
that nucleation of the second orientation is not spatially uniform and most
likely predominates away from the center of the sample.
Despite some success in growing single phase Cu2O films on the (1 1 0) MgO
orientation, reproducibility was still an issue due to the limited oxygen partial
pressure growth window. The partial pressure of oxygen needed to produce a
stable plasma in the RF atom source needed to exceed 1× 10−6 Torr, and the
growth window for pure Cu2O was found to be close to this limit for pure oxy-
gen. There are several ways to enable growth of single phase, single crystalline
orientation Cu2O, which include raising substrate temperature, raising the Cu
flux, and using a different oxidant. The substrate temperature was already
approaching the limits of the system, and higher growth temperature is gener-
ally undesirable in terms of substrate compatibility and cost. Raising the Cu
flux by increasing source filament temperature is also problematic in terms of
operation costs and effusion cell lifetime. Instead, oxygen partial pressure was
diluted using an inert balance gas (90%Ar/10%O2 premix) to enable stable
plasma stability at lower oxygen partial pressures.
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2.2.3 Growth using 90%Ar/10%O2 plasma
Figure 2.7 shows HRXRD data of various films of CuxO grown on (a) MgO
(1 0 0) and (b) MgO (1 1 0). The XRD peak intensities are lower compared
to those of Figure 2.5 because film thickness is substantially reduced using a
90%Ar/10%O2 gas mixture. Growth rate using pure oxygen at 550
◦C was
measured by x-ray reflectivity to be 100 nm/hr, while growth using the Ar/O2
gas mixture was measured to be 20 nm/hr. For growth on MgO (1 0 0), Cu2O
Figure 2.7: HRXRD spectra of CuxO grown on (a) MgO (1 0 0) and (b) MgO
(1 1 0) using argon-oxygen plasma. Spectra are labeled with deposition tem-
perature, plasma power, and plasma optical emission voltage.
films are obtained at low plasma optical voltages and powers, and intermediate
substrate temperatures. Plasma emission voltage, which is a function of gas
flow rate and plasma power, was found to better correlate with the epitaxial
film quality than either the gas flow rate or the plasma power. The epitaxial
growth phase diagram in Figure 2.8 (a) summarizes these results. As shown
in Figure 2.7, films grown on MgO (1 1 0) all have a single orientation in the
(1 1 0) Cu2O direction, for a wide range of plasma parameters and substrate
temperatures.
Figure 2.9 (a-c) shows representative RHEED patterns for pure Cu2O
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Figure 2.8: MBE regime phase diagram for growth of CuxO on (a) MgO (1 0 0)
and (b) MgO (1 1 0), using argon-oxygen plasma.
grown on MgO (1 0 0); growth starts in the Volmer-Weber island growth mode
and after 60 nm starts to smooth out into a continuous film as evidenced by
the appearance of streaks. Growth on the MgO (1 1 0) surface is shown in
Figure 2.9 (d-f). In contrast to films grown using pure oxygen that exhibited
two variants of the Cu2O (1 1 0) orientation, films grown using Ar/O2 exhibit
only one variant, at least within the region probed by the RHEED electron
beam. Looking at the [1 1 1] Cu2O azimuth in Figure 2.9 (e), all spots can be
indexed to the corresponding transmission diffraction pattern shown in Figure
2.9 (f), and no extra spots corresponding to the [2 1 1] azimuth are present.
The pattern looks very similar to that of Figure 2.6 (e). Growth remains 3-
dimensional possibly due to the fact that the film thickness is not large enough
to completely cover the MgO surface, as seen in AFM and TEM examination
of the film in Figure 2.10.
The epitaxial relationship of Cu2O (1 1 0) on MgO (1 1 0) was confirmed
directly by TEM, as shown in Figure 5.5. The selected area diffraction pattern
in Figure 5.5 (b) shows the Cu2O lattice directly overlaps the MgO lattice and
the film appears to be strained.
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Figure 2.9: RHEED images of Cu2O growth on MgO using argon-oxygen
plasma. (a) Plasma cleaned MgO (1 0 0) surface along the [1 1 0] azimuth,
(b) 60 nm of Cu2O proceeds with island growth shown here along the [1 0 0]
azimuth, and islands start to merge into a smooth film, as evidenced by the
appearance of streaks, but growth remains 3-dimensional, which may be at-
tributed to lower film thickness than in the pure oxygen films. (c) schematic
spot indexing along [100] zone axis of Cu2O. (d) Plasma cleaned MgO (1 1 0)
surface along the [1 1 1] azimuth, (e) 60 nm of Cu2O shown here along the
[1 1 1] azimuth showing growth initiates and persists in the island regime, (f)
schematic spot indexing along the [1 1 1] zone axis of Cu2O.
Conclusion
Single phase, single orientation Cu2O thin films have been grown on MgO by
plasma-assisted molecular beam epitaxy using both pure oxygen and argon-
oxygen gas mixtures. Growth using argon-oxygen opens up the stability win-
dow of the Cu2O phase by giving access to lower partial pressures of oxygen
while still maintaining a stable plasma. The film growth rate using argon-
oxygen is reduced compared to pure oxygen; however film mosaicity and tex-
ture are also reduced, yielding a film with increased crystallinity. The results
of this work facilitate the development of high quality absorber layers for an
epitaxial Cu2O solar cell device.
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Figure 2.10: (a) AFM image of a 20 nm Cu2O film grown on MgO (1 1 0)
using an argon-oxygen plasma showing island-type film morphology. (b) TEM
micrograph showing cross sectional morphology of Cu2O on MgO (1 1 0) con-
firming island-growth regime.
Figure 2.11: (a) High resolution cross-sectional TEM of (1 1 0) Cu2O on MgO
(1 1 0) viewed down the [1 1 1] zone axis shows epitaxial relationship between
film and substrate. (b) Selected area electron diffraction pattern shows a
superposition of the Cu2O [1 1 1] and MgO [1 1 1] zone axis diffraction patterns,
confirming epitaxial relationship. Note the presence of amorphous rings due
to Pt protective layer.
Chapter 3
Heteroepitaxial Ohmic
Templates for Cu2O Growth
The crystallographic orientation of a metal affects its surface energy and struc-
ture, and has profound implications for surface chemical reactions and interface
engineering, which are important in areas ranging from optoelectronic device
fabrication to catalysis. However, it can be very difficult and expensive to
manufacture, orient, and cut single crystal metals along different crystallo-
graphic orientations, especially in the case of precious metals. One approach
is to grow thin metal films epitaxially on dielectric substrates. In this work,
we report on growth of Pt and Au films on MgO single crystal substrates of
(1 0 0) and (1 1 0) surface orientation for use as epitaxial templates for thin
film photovoltaic devices. We develop bias-assisted sputtering for deposition
of oriented Pt and Au films with sub-nanometer roughness. We show that bi-
asing the substrate decreases the substrate temperature necessary to achieve
epitaxial orientation, with temperature reduction from 600 to 350 ◦C for Au,
and from 750 to 550 ◦C for Pt, without use of transition metal seed layers. In
addition, this temperature can be further reduced by reducing the growth rate.
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Biased deposition with varying substrate bias power and working pressure also
enables control of the film morphology and surface roughness.
3.1 Metal Films on Dielectric Substrates
Epitaxial growth of metal films on dielectric substrates has been the subject of
intense study due to its fundamental role in technologically important appli-
cations, such as optoelectronic devices and catalysis, as well as understanding
crystalline growth. Material properties can vary widely with surface struc-
ture and symmetry; however, oriented single crystals are expensive and often
unavailable. Therefore, thin film growth is a promising tool to study orienta-
tion dependence of material properties without having to manufacture single
crystalline samples. The purpose of this study was to develop oriented thin
films of Au and Pt on MgO single crystalline substrates for use as ohmic het-
eroepitaxial templates for growth of semiconductor oxides, such as cuprous
oxide, for thin photovoltaic applications. The requirements for a heteroepi-
taxial template include single film orientation and minimal surface roughness.
Typically, metals like Au and Pt tend to adapt the (1 1 1) orientation when
substrate effects are screened by surface contaminants, so high temperature
processing and careful surface preparation are required to achieve epitaxy for
other crystallographic orientations [33, 34]. In this work, we grow thin films
of Au and Pt in the (1 0 0) and (1 1 0) orientations with sub-nanometer sur-
face roughness on MgO substrates while reducing the substrate temperature
necessary for epitaxy using bias-assisted sputtering.
MgO is chosen as a substrate because it is transparent, refractive, insulat-
ing, and does not react with Pt or Au, forming a clean atomically flat interface.
Interface mixing reactions are a common problem with metal deposition on Si,
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which can form silicide precipitates at the interface and impact the epitax-
ial relationship [35]. MgO is also well lattice matched to many metals with
face-centered-cubic symmetry and can grow biaxially textured on amorphous
substrates, providing a path for large-area deposition of oriented films on amor-
phous substrates [36]. The use of Fe or Ni layers to seed cube-on-cube epitaxy
of Pt (1 0 0) on MgO (1 0 0) has been studied for catalysis applications [35];
however, these transition metals create deep level electronic defects in many
semiconductors, and so are of less interest for photovoltaic film applications.
Nucleation and growth of Pt and Au particles on MgO has been the subject
of intense study, and reviews exist on the subject [37]. Thin film growth of Pt
on MgO has been explored by molecular beam epitaxy [38], pulsed laser depo-
sition [35], electron beam evaporation [39], as well as sputtering [34, 40, 41].
Fewer studies of Au thin film growth on MgO exist [42], although nucleation
of Au particles has been studied extensively [43, 44, 45].
We chose sputter deposition because it is an economical and industrially
scalable process. In addition, sputtering allows for the use of substrate bias,
which has been shown to have many beneficial effects on film growth, including
in situ substrate cleaning and control over the energy of atoms impinging on
the surface citemattox. In this report, we show that substrate bias facilitates
epitaxial growth of Pt and Au films on MgO by increasing mobility of surface
adatoms, influencing the number and density of nucleation sites, increasing
film density, and disrupting columnar grain growth. These effects result in de-
creasing the substrate temperature necessary to achieve epitaxial orientation.
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Figure 3.1: Potential variation near a cathode for a DC discharge plasma.
3.2 Bias-assisted sputtering
During sputtering, target material is ablated by bombardment of energetic
ions. Ar is a common choice due to its low reactivity, low cost, and appropri-
ate atomic weight for many elements, while Ne is better suited for sputtering
lighter elements and Xe and Kr allow more efficient sputtering of heavier ele-
ments. The ejected target atoms impinge on the substrate forming a film. The
substrate can be left grounded or be negatively biased using an RF power sup-
ply — RF is necessary to prevent charging in electrically insulating substrates.
The purpose of negatively biasing the substrate is to modify the behavior of
charged particles in the vicinity of the substrate by controlling their flux and
energy. We can control and magnify the potential drop that normally occurs
between the plasma, which is slightly positive, and the substrate, thus control-
ling the electric field that can accelerate target atoms onto the growing film.
This is demonstrated schematically in Figure 3.1. In the case of RF bias, the
“cathode” voltage is the DC offset of the RF waveform [46].
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In order to understand the particle energies involved in sputtering, it is
useful to look at the mean free path (λ), or the average distance a particle
travels before colliding. The mean free path can be calculated using a simple
billiard ball model [47]:
λ =
1√
2pid2n
where d is the effective particle diameter, and n is the gas density, which can
be calculated using the ideal gas law. The particle diameter of Ar is 3.64 A˚
[48]. The mean free path at different temperatures and pressures relevant to
this study is shown in Table 3.1.
Table 3.1: Mean free path of Ar at different temperatures and pressures.
Pressure (mTorr) 25◦C 350◦C 550◦C 700◦C
1 5.2 cm 11 cm 14 cm 17 cm
3 1.7 cm 3.7 cm 4.8 cm 5.7 cm
5 1.0 cm 2.2 cm 2.9 cm 3.4 cm
7 0.7 cm 1.6 cm 2.1 cm 2.4 cm
At 1 mTorr, the mean free path of an Ar atom is approximately 5 cm
at room temperature, and increases as the temperature increases [47]. Thus
the mean free path is larger than the width of the dark space over which the
plasma is non-neutral and the electric field is largest, which was measured
to be approximately 3 cm. Thus Ar ions impinging on the substrate surface
at these conditions have energies corresponding to the bias potential plus the
plasma energy, which is typically on the order of 10 eV.
All of the films analyzed in this study were grown using a sputter deposi-
tion system with a base pressure of 1.3 × 10−7 Torr, shown schematically in
Figure 3.2. The system is equipped with RF and DC magnetron sputtering
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Figure 3.2: Sputtering system schematic.
sources. Substrate heating is provided by two halogen lamps situated behind
the substrate chuck plate.
Single crystal MgO substrates of (1 0 0) and (1 1 0) orientation purchased
commercially were annealed and cleaned in situ prior to deposition. The im-
portance of substrate surface preparation to epitaxy cannot be overstated,
particularly in the case of MgO, which is a highly hygroscopic material. Com-
mercially available MgO crystals are typically prepared by mechanical polish-
ing, which has been shown to amorphize the top few layers of the crystal and
therefore necessitates a high temperature oxidative anneal to reconstruct the
rocksalt structure and remove adventitious hydroxide. [49]
The substrates were heated to 700 ◦C in vacuum for an hour, and then
annealed in 5 mTorr of oxygen for another hour. The temperature was then
ramped down at 30 ◦C/minute to the deposition temperature. The substrates
were plasma cleaned with a RF substrate bias of 30 W (corresponding to a
bias potential of 270 eV), in 1 mTorr of 10% O2/90% Ar gas, for 15 minutes.
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This cleaning procedure was found to result in clean MgO surfaces, as evi-
denced by reproducibly achieving an epitaxial relationship between the film
and substrate.
Pt or Au thin films were then deposited at 100 W DC power. Substrate
temperature, working pressure, and RF substrate bias magnitude were varied
during the study. Temperature was ramped down at a rate of 30 ◦C/min
directly following deposition. All samples had a film thickness around 50 nm,
as measured by x-ray reflectivity. Films were characterized ex situ using high-
resolution x-ray diffractometry (HRXRD) and non-contact ambient atomic
force microscopy (AFM).
3.3 Growth of Pt and Au on MgO by Bias-
Assisted Sputtering
Figure 3.3 shows the orientation relationship between (a) Pt and (b) Au films
grown on MgO (1 0 0) and (1 1 0) single crystals. All films in this figure were
deposited with an RF substrate bias of 15W (corresponding to 180 eV imping-
ing atom energy). For the case of Pt films, at 500 ◦C both MgO orientations
exhibit Pt (1 1 1), which disappears completely for 550 ◦C, resulting in epi-
taxially oriented Pt films on MgO. For the case of Au films, at 300 ◦C, the
(1 1 1) orientation has the highest intensity on both MgO (1 0 0) and (1 1 0)
substrates. At 350 ◦C, the dominant orientation is aligned with the substrate
for both (1 0 0) and (1 1 0) MgO orientations. Although we never completely
eliminate the Au (1 1 1) for growth on MgO (1 0 0), the relative magnitude of
this peak suggests that the fraction of (1 1 1) orientation is less than 1%. It is
important to note that without substrate bias, the temperatures necessary to
achieve epitaxial orientation were found to exceed 750 ◦C for Pt and 600 ◦C
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Figure 3.3: X-ray diffraction spectra of (a) Pt films on MgO (1 0 0) and (1 1 0),
and (b) Au films on MgO (1 0 0) and (1 1 0). Black circles (•) indicate substrate
peaks.
for Au.
Figure 3.4 (a) shows the φ scan of the Pt (1 0 0) film deposited at 550 ◦C
and MgO substrate collected at a ψ tilt of 54.74◦ such that the {1 1 1} planes
satisfy the diffraction condition. Figure 3.4 (b) shows the φ scan of the Pt
(1 1 0) film deposited at 550 ◦C and MgO substrate collected at a ψ tilt of
35.26◦ such that the {1 1 0} planes satisfy the diffraction condition. The film
is again epitaxially oriented with the substrate. The φ scans for Au (1 0 0)
and (1 1 0) films show the same symmetry as that seen for Pt films. Based on
these in-plane and out-of-plane orientation relationships, we conclude that the
epitaxial relationship is cube-on-cube, i.e., (1 0 0)/(1 0 0) and (1 1 0)/(1 1 0).
In addition to being able to grow oriented Au and Pt films on MgO, it is
essential for epitaxy that these films have minimum roughness. To provide a
reference, AFM topography scans were used to measure the surface roughness
of the MgO substrate before and after substrate cleaning by RF etching. Sev-
eral literature studies suggest that an increase in substrate surface roughness
can promote nucleation of the Pt (1 0 0) orientation on MgO (1 0 0) and sup-
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Figure 3.4: (a) φ scans of Pt (1 0 0) films showing Pt and MgO {1 1 1} at
ψ=54.74◦ showing in-plane symmetry, and (b) φ scans of Pt (1 1 0) films show-
ing Pt and MgO {1 1 0} at ψ=35.26◦.
press nucleation of the Pt (1 1 1) orientation [50, 51]. However, in our study the
root-mean-square roughness (rRMS) decreased after the substrate clean. For
MgO (1 0 0), rRMS decreased from 0.36 nm to 0.20 nm, and for MgO (1 1 0),
rRMS decreased from 0.17 nm to 0.13 nm. Thus we conclude that the main
result of the substrate treatment, which includes heating to 700 ◦C, annealing
in oxygen, and plasma etching the substrate, is the removal of adventitious
surface contamination instead of increase of surface roughness. Without the
plasma cleaning prior to deposition, we could not reproducibly achieve epi-
taxial orientation until heating to very high substrate temperatures and Pt
and Au (1 1 1) orientation was frequently present even in these circumstances,
indicating that the absence of surface contamination is essential in achieving
an epitaxial growth relationship.
Figure 3.5 shows the morphological features of the surface, as well as the
root-mean-square roughness of Pt films deposited on different orientations of
MgO. Figure 3.5 (a) demonstrates the effect of raising the substrate tempera-
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ture while maintaining a working pressure of 3 mTorr Ar, a substrate bias of
15 W, and a target power of 100 W. At 500 ◦C, when based on XRD anal-
ysis the film is composed of multiple crystallographic orientations, including
(1 0 0), (1 1 0), and (1 1 1), the film morphology consists of three-dimensional
islands and the roughness is on the order of a few nanometers. As the tem-
perature is increased to 550 ◦C, and substrate-film interactions dominate the
orientation relationship resulting in epitaxial growth, the morphology of the
film changes drastically. In the case of the (1 0 0) MgO surface, rectangular
grains with sides oriented along 〈1 1 0〉 form a crossing pattern, and the films
have sub-nanometer roughness of approximately 5 A˚. In the case of the (1 1 0)
MgO surface, rectangular grains again grow along 〈1 1 0〉; however, no cross-
ing of grains is evident and they are all oriented along the same direction.
Film roughness is greater for this substrate orientation, at around 1.3 nm. As
the substrate temperature increases, grain size increases as well, and therefore
film roughness also increases. In order to attempt to decrease the roughness
of Pt films grown on MgO (1 1 0), we adjusted working pressure and substrate
bias while keeping the substrate temperature at 550 ◦C, which was the lowest
temperature at which epitaxy occurs for the given growth rate. The results,
illustrated in Figure 3.5 (b), show that increasing the substrate bias from 15
W to 30 W, or increasing the working pressure from 3 mTorr to 7 mTorr,
or the combination of both, decreases surface roughness of the films into the
sub-nanometer range. This can be explained by the increase in the number of
heterogeneous nucleation sites due to both higher pressure, and higher energy
of atom bombardment. Figure 3.5 (b) also indicates that for growth on MgO
(1 0 0) surfaces, increasing substrate bias while keeping working pressure con-
stant increases grain size. Increased substrate bias effectively raises the energy
of bombarding species and aids adatom mobility, which raises the probability
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Figure 3.5: AFM topography maps of Pt films on MgO (1 0 0) and (1 1 0)
deposited under different conditions. Families of directions 〈1 0 0〉 and 〈1 1 0〉
denote direction normal to the substrate surface, as well as the horizontal
and vertical directions in the AFM images. (a) Effect of changing substrate
temperature while maintaining a working pressure of 3 mTorr and bias of 15 W.
(b) Effect of changing substrate bias and working pressure while maintaining
substrate temperature at 550 ◦C.
of surface adatoms settling into the lowest available energy sites, thus pro-
moting grain growth. In contrast, raising working pressure while maintaining
the same substrate bias results in smaller grains due to a larger number of
nucleation sites for the film and a decrease in the energy of atoms hitting the
surface.
Figure 3.6 shows the morphological features of Au films grown on MgO.
At 300 ◦C, when the film exhibits multiple orientations, the film structure is
dominated by three-dimensional islands and the roughness is about 20 nm.
As the temperature is increased to 350 ◦C, and an epitaxial relationship is
established, we can achieve Au films with sub-nanometer roughness on MgO
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Figure 3.6: AFM topography maps of Au films on MgO (1 0 0) and (1 1 0)
deposited at different substrate temperatures. All images are 5 µm by 5 µm.
(1 0 0) substrate. However, on the MgO (1 1 0) surface, Au islands do not form
a continuous film, and therefore the roughness is on the order of film thickness.
This is due to the high surface energy of the MgO/Au interface. Growing at
higher working pressures and with larger bias did not result in smooth films
appropriate for epitaxy.
Lastly, there have been literature reports showing that the substrate tem-
perature required to achieve an epitaxial relationship decreases as the growth
rate decreases [50, 51]. Therefore, we looked at the effect of deposition rate
on the temperature at which the (1 1 1) orientation disappears and the cube-
on-cube orientations start to dominate. Figure 3.7 demonstrates the effect of
deposition rate on the orientation relationships for (a) Pt on MgO grown at
500 ◦C and (b) Au on MgO grown at 300 ◦C. The growth rate is changed
3.3. Growth of Pt and Au on MgO by Bias-Assisted Sputtering 34
Figure 3.7: Effect of target power on the orientation relationships for (a) Pt
on MgO grown at 500 ◦C and (b) Au on MgO grown at 300 ◦C. A decrease in
substrate power, with a corresponding decrease in growth rate, promotes an
epitaxial relationship.
by changing the target power from 100 W to 25 W, keeping other deposition
parameters constant. The corresponding decrease in growth rate for Pt is from
0.8 A˚/s to 0.2 A˚/s, and for Au is from 1.5 A˚/s to 0.4 A˚/s. It is indeed the case
that a lower target power, and correspondingly a lower growth rate, promotes
growth of epitaxial films in both Pt and Au.
Conclusion
The main results of this work illustrate the effects of substrate preparation,
temperature, and bias, on the morphology of Pt and Au thin films grown on
single crystalline MgO substrates of (1 0 0) and (1 1 0) orientation. We estab-
lish an effective in situ substrate preparation and cleaning technique for MgO.
Introduction of substrate bias during film growth provides a way to control film
morphology and encourage an epitaxial growth relationship. Proper substrate
preparation and bias during deposition allow us to decrease the temperature
necessary to achieve oriented films from 600 to 350 ◦C for Au and from 750 to
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550 ◦C for Pt. This temperature can be further decreased by decreasing the
growth rate. We achieve sub-nanometer film roughness needed to make these
films suitable as epitaxial templates for device fabrication. In addition, we
illustrate the effects of changing the magnitude of substrate bias and working
pressure on device morphology.
Chapter 4
Cu2O Growth on
Heteroepitaxial Ohmic
Templates
4.1 MBE of CuxO on Pt
In this chapter, CuxO thin films are deposited by plasma-assisted molecular
beam epitaxy (MBE) on noble metal heteroepitaxial templates, which were
developed in Chapter 3. We focus this study on Pt because it produces con-
tinuous, oriented thin films with sub-nm roughness for both MgO (1 0 0) and
(1 1 0) orientations. Some results on Au thin films are also included, although
only the Au (1 0 0) orientation successfully produced a sub-nm continuous film.
MgO is used as a heteroepitaxial template for the growth of CuxO heterostruc-
tures because it is a close lattice match to both FCC metals and CuxO and
can be grown biaxially textured on an amorphous substrate [36], providing a
path to dual junction cells.
Thin films of CuxO were deposited by plasma-assisted MBE with chamber
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base pressure around 3x10−9 Torr, using an evaporation cell with Cu metal
and a pure oxygen plasma provided by an Oxford RF Atom source. Deposi-
tion pressure during growth was kept at approximately 1.5x10−5 Torr oxygen,
with plasma power around 150 W and plasma optical emission voltage (which
correlates with the efficiency of dissociation of O2 gas into its atomic com-
ponents) kept under 1 V. These conditions were found to stabilize the CuxO
phase. The substrates were heated to 550 ◦C and annealed in vacuum for 30
minutes prior to deposition of CuxO. Substrate temperature was kept at 550
◦C during deposition. Reflection high energy electron diffraction (RHEED)
with a 15 keV electron beam was used to monitor film structure in situ during
growth. Films were grown for 1 hour, which resulted in a thickness of approx-
imately 150 nm. Films were cooled in vacuum at a rate of approximately 15
◦C per minute and analyzed ex situ using x-ray diffraction and non-contact
ambient AFM. As we will show, the stability window of the Cu2O phase needs
to be re-optimized for every substrate orientation.
Figure 4.1 (a) shows the x-ray diffraction spectra of CuxO thin films de-
posited on Pt (1 0 0), which was sputtered on MgO (1 0 0). The Cu2O film is
primarily oriented in the (1 0 0) direction with some (1 1 1) orientation present.
The polar (1 0 0) surface of Cu2O is favored by the epitaxial relationship to the
Pt (1 0 0) film; however, the nonpolar hkl(111) surface of Cu2O is lower energy
than the polar (1 0 0) surface [29] and is typically present as well. It may also
be present due to a small amount of Pt (1 1 1) that can be seen in the x-ray
diffraction data of the original Pt template. There is also a wide shoulder on
the Pt (2 0 0) peak corresponding to formation of an alloy of Cu and Pt, which
is expected based on the thermodynamic phase diagram in Figure 4.2. The
alloy poses no issue as long as there is no shunting and the contact remains
ohmic. The ohmic nature of the contact was confirmed by I-V measurement
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Figure 4.1: HRXRD of CuxO films grown on Pt heteroepitaxial templates (a)
(1 0 0), (b) (1 1 0), (c) (1 1 1).
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Figure 4.2: Phase diagram of Cu-Pt system. [52]
with the Cu2O film resistance on the order of 200 Ω.
Figure 4.1 (b) shows the x-ray diffraction spectra of CuxO thin films de-
posited on Pt (1 1 0), which was sputtered on MgO (1 1 0). Unlike the (1 0 0)
case, this orientation promotes formation of the monoclinic CuO phase, which
can be assigned to the unlabeled peaks. Growth on Pt (1 1 1), based on MgO
(1 1 1), is shown in Figure 4.1 (c). While the Cu2O phase has a single orien-
tation (1 1 1) and the peak is relatively sharp with a small FWHM, there are
several undesirable features. Atom mobility along close-packed planes in cu-
bic materials is higher, which may lead to increased alloy formation, as shown
by the larger magnitude of the Pt-Cu alloy peak. In addition, there is now
evidence of Cu formation, which is problematic for device performance.
Figure 4.3 shows the nucleation morphology and RHEED patterns of a
Cu2O film grown on Pt (1 0 0). The RHEED images indicate that the sputtered
Pt film is smooth within the RHEED coherence length, which means that grain
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Figure 4.3: RHEED and AFM images of Cu2O on Pt (1 0 0).
size is on the order of about 100 nm or larger on average. This is confirmed
by AFM topography scans of Chapter 3. Cu2O growth initiates in island
growth mode as evidenced by the spotty nature of the RHEED pattern at a
thickness of about 5 nm. At around 10 nm, the RHEED pattern starts to
exhibit streaks, which indicates a two-dimensional growth mode. This growth
mode dominates until the individual islands merge; however, at 150 nm the
RHEED pattern once again shows spots, which means there is a small growth
window for the two-dimensional mode, but that easily breaks down into island
growth. Cu2O islands nucleate predominantly along the (1 1 0) direction and
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grain size exceeds that of the underlying Pt film.
Figure 4.4: RHEED images of Cu2O on (a) Pt (1 1 0) and (b) Pt (1 1 1).
Figure 4.4 (a) shows surface structural properties of Cu2O deposited on
Pt (1 1 0). As can be seen from the RHEED images, the Pt film grown on
MgO (1 1 0) is rougher than that grown on MgO (1 0 0), and the resulting
Cu2O film is also rough as shown by the wide RHEED spots after 5 nm of
deposition. After 150 nm, growth is predominantly in the (1 1 0) direction;
however, multiple orientations as well as the presence of the CuO phase cause
the film to be highly polycrystalline, as evidenced by the appearance of rings in
the RHEED pattern. Under these conditions, the Pt/MgO (1 1 0) orientation
is less favorable for growth of phase pure Cu2O, however further optimization
of growth parameters may yield more favorable results. Figure 4.4 (b) shows
RHEED images of the Pt (1 1 1) template and subsequent growth of Cu2O.
The Pt (1 1 1) surface is very smooth, and has a roughness lower than both
the Pt (1 0 0) and (1 1 0) surfaces, as indicated by long and narrow streaks in
the surface diffraction pattern. The resulting Cu2O film is three-dimensional
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but has a single orientation, with the zone axis corresponding closely to [1 1 2].
Figure 4.5 shows two cross-sectional bright field TEM micrographs of a
Cu2O film grown on Pt (1 0 0) on MgO, corresponding to different sections
of the same film. The MgO/Pt and Pt/Cu2O interfaces appear to be very
smooth and flat, and the Pt film thickness is highly uniform. The Cu2O film
has a three-dimensional structure, with facets clearly shown in (a). There is
a defective layer at the interface between Cu2O and Pt that may be due to
epitaxial strain relaxation; this layer is on the order of 50 nm. In part (b)
the Cu2O layer appears to have some beam-induced recrystallization, which is
likely due to damage cause by the focused ion beam during sample preparation.
Figure 4.5: (a) Cross sectional TEM of CuxO grown by MBE on a sputtered
heteroepitaxial template of Pt on MgO, (b) different area of the same sample.
High resolution TEM micrographs of the (a) Pt/MgO interface and (b)
the Pt/Cu2O interface are shown in Figure 4.6. The Pt/MgO interface has a
strained layer that’s less than 5 nm thick and the two lattices seem to be in
registry, confirming epitaxial growth. The Pt/Cu2O interface exhibits a higher
degree of roughness, but the interface is still relatively sharp and although some
chemical mixing is present, as shown by x-ray diffraction studies, there is still
a clear boundary between the Cu2O and Pt regions.
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Figure 4.6: (a) Interface between Pt and MgO, (b) interface between Pt and
Cu2O. Zone axis is 〈1 0 0〉.
Selected area diffraction patterns are shown in Figure 4.7. These patterns
were acquired using a 10 µm selected area aperture, beam spot size 8, and 4
second exposure time. Selecting only the Pt film and MgO substrate yields the
pattern in (a). The zone axis is 〈1 0 0〉 and growth of Pt appears to be “cube-
on-cube.” Figure 4.7 (b) includes contributions from the Cu2O, Pt, and MgO.
Since Cu2O is simple cubic, there are no reflections absent due to structure
factor rules, which limit the mixed odd and even (h, k, l) from appearing in
FCC structures of Pt and MgO. Thus we see reflections of the {1 1 0} for Cu2O.
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Figure 4.7: (a) Selected area diffraction pattern of Pt film on MgO, (b) selected
area diffraction of a Cu2O film deposited on Pt on MgO.
4.2 MBE of Cu2O on Au
Growth of Cu2O on Au sputtered films was also investigated. XRD spectra
in Figure 4.8 show that the Cu2O films on Au are highly oriented, just like
on Pt. In chapter 3 we found that the Au (1 1 1) orientation persists even at
high temperature, and the x-ray spectra of Figure 4.8 show a large Au (1 1 1)
peak on MgO (1 0 0). This results in growth of predominantly Cu2O (1 1 1),
with some (1 0 0) and (1 1 0). Interestingly, there is no alloy peak for Cu-Au,
although it is expected based on the phase diagram for these elements [53].
As shown in Figure 4.8 (b), the (1 1 0) substrate orientation leads to a single
phase, single orientation Cu2O (1 1 0) film, again with no peak for Cu-Au alloy.
While this indicates that growth of phase pure Cu2O films may be easier to
achieve on Au than on Pt in a wider growth parameter window, we found in
chapter 3 that the Au (1 1 0) film is not continuous on MgO under the growth
parameters that were attempted.
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Figure 4.8: HRXRD of CuxO films grown on Au heteroepitaxial templates of
(1 0 0) and (1 1 0) orientation.
Figure 4.9: Phase diagram of Cu-Au system. [53]
Chapter 5
Cu2O Device Synthesis and
Characterization
5.1 Device Preparation Scheme
Figure 5.1: Solar cell fabrication scheme.
Figure 5.1 illustrates the basic device fabrication procedure. Polycrystalline
Cu2O wafers were produced from 6N purity Cu foils, which were heated in a
quartz tube furnace to 1025 ◦C under N2 flow for 4 hours. The foils were
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then oxidized in air for 24 hours and cooled under N2 flow to room temper-
ature. Cu foil thickness was 0.5 mm and the final Cu2O wafer thickness was
approximately 0.8 mm, with typical carrier concentration of 1013-1014 cm−3
and hole mobilities around 65 cm2V−1s−1. Cu2O wafers were cleaned with
IPA and loaded into the magnetron sputtering system discussed in Chapter
3. It was found that the lowest possible base pressure corresponded to best
device results and therefore the system was baked out overnight before to
achieve pressures as low as 1.3x10−7 Torr. The Cu2O wafer was heated in
vacuum to the deposition temperature and annealed for 90 minutes, or kept
under vacuum in the case of the room temperature samples. A Zn(O,S) layer
of approximately 40 nm thickness was co-sputtered from ZnO and ZnS targets
of 4N purity at a working pressure of 5 mTorr Ar. Power on the ZnO target
was kept at 100 W, and the power on the ZnS target was 85 W. These values
were previously determined to yield the highest Voc devices and correspond
to a composition of approximately ZnO0.7S0.3. After Zn(O,S) deposition, the
samples were cooled in vacuum and removed from the chamber. A shadow
mask was placed over the samples and a 60 nm ITO layer was then sputtered
at 50 W in an Ar atmosphere at a working pressure of 3 mTorr, with no inten-
tional heating. Lastly, an 80 nm Au contact was deposited on the back. Each
wafer resulted in 12-16 solar cells with individual cell area of 0.02 cm2.
5.2 Bulk Cu2O-Zn(O,S) devices
The aim of this work is to evaluate the viability of Zn(O,S) as an earth-
abundant heterojunction partner to Cu2O. In particular, we examine the
sources of photocurrent loss in polycrystalline Cu2O/Zn(O,S) solar cells. Our
results show that Zn(O,S) sputtered on Cu2O forms a thin layer of ZnSO4 at
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the interface, and that this layer is detrimental to photocurrent collection in
the solar cell. Deposition of Zn(O,S) at elevated temperatures decreases the
presence of ZnSO4, which decreases the barrier to photocurrent and thereby
increases the average short circuit current density from 2 to 5 mA/cm2 for cells
deposited at 100 ◦C. The presence of a barrier at the Zn(O,S)/Cu2O interface
is further corroborated by spectral response measurements which indicate the
presence of a current blocking layer.
5.2.1 Zn(O,S) as a Heterojunction Partner to Cu2O
Zn(O,S), which is the focus of this study, is a particularly enticing candidate
due to its earth abundance. The Zn(O,S)/Cu2O electronic band alignment can
be controlled by tuning the sulfur content of the Zn(O,S), which determines
the position of the Zn(O,S) valence and conductions bands, and therefore
allows for the fabrication of a high efficiency Cu2O/Zn(O,S) device. While
Zn(O,S) solar cells have demonstrated open circuit voltages above 1 V, the
efficiencies of these devices have been limited by low short circuit currents and
fill factors. In this paper we explore the sources of low current in these devices,
and correlate the decrease in series resistance to a reduction in ZnSO4, the
most thermodynamically likely [2] compound to form in the presence of these
elements. ZnSO4 is a high band gap insulator that forms a conduction band
spike with Cu2O and therefore can act as a current blocking layer. Research
on CIGS solar cells has shown that the presence of ZnSO4 can be minimized
by sputtering at elevated substrate temperatures on CIGS. [54]
In this work we demonstrate that similar to CIGS/Zn(O,S), the Cu2O/Zn(O,S)
interface is prone to ZnSO4 formation, which contributes to an increase in se-
ries resistance of the junction, and subsequently significantly decreases the
short circuit current (Jsc) that can be extracted. We show that deposition
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of Zn(O,S) at elevated substrate temperature results in a significant improve-
ment in the current collected, and thus the device efficiency. The best results
are achieved with a substrate temperature of 100 ◦C, although even at this
temperature some ZnSO4 is still present. We further analyze possible reasons
for reduced photovoltaic performance using light and voltage biased external
quantum efficiency.
5.2.2 Current-voltage analysis
The solar cell performance was characterized as a function of Zn(O,S) depo-
sition temperature. The current-voltage characteristics of the most-efficient
cells at each temperature are shown in Figure 5.2 and the overall results are
summarized in Table 5.1.
Figure 5.2: Current density as a function of voltage in the dark (dashed) and
light (solid) for Cu2O/Zn(O,S) solar cells deposited at different temperatures.
All devices were tested under standard AM 1.5 illumination.
The device deposited at 100 ◦C has both the highest Voc and Jsc. Notably,
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there is crossover between the dark and light curves for every temperature,
which indicates an electron barrier in the conduction band that is reduced
under illumination. This reduction in the barrier can be due to photodoping
of the Zn(O,S) buffer layer, which is confirmed by the spectral response in
Figure 5.3. In addition, an electron barrier in the dark can also correspond
to a high density of electronic defects at the interface that are filled with
photogenerated carriers under illumination, reducing the barrier. [14]
The average open circuit voltage, which is correlated to the interface qual-
ity, varies from 419 mV at a deposition temperature of 200 ◦C to a maximum
of 724 mV at 100 ◦C. This suggests that the highest quality Cu2O/Zn(O,S)
interface occurs for a Zn(O,S) deposition temperature of 100 ◦C. The effect
of substrate temperature variation on the short circuit current (Jsc) is more
significant. The Jsc increases from an average of 2.0 mA/cm
2 for devices de-
posited without intentional substrate heating to a maximum of 5.0 mA/cm2
for devices deposited at 100 ◦C, and drops off significantly as the temperature
is raised further. In order to understand the apparent barrier to current col-
lection, the dark J-V curve was modeled using the non-ideal diode equation
including the impact of series and shunt resistance:
I = I0(exp(
q(V − IRs)
nkT
)− 1) + V − IRs
Rsh
where I0 is the dark saturation current, q is the fundamental electron charge, n
is the diode ideality factor, k is the Boltzmann constant, T is the temperature,
Rs is the series resistance, and Rsh is the shunt resistance of the cell. The fit
was obtained using a nonlinear least squares fitting method. As the deposition
temperature of Zn(O,S) increases, the series resistance of the device decreases.
For reference, through-thickness resistance of the Cu2O wafer, which was ex-
pected to be the largest contribution to series resistance, was measured to be
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on the order of 800 Ω. For a heterojunction deposited at room temperature,
the series resistance is almost a magnitude higher, which indicates presence of
a current blocking layer at the junction. At 200 ◦C, the series resistance of the
cell is on the order of the Cu2O wafer contribution, which suggests the junction
resistance has been eliminated. We will analyze this further in Section 5.2.4.
Table 5.1: Solar cell results
T
dep
(◦C)
Voc
max
(mV)
Voc
avg
(mV)
Jsc
max
(mA/
cm2)
Jsc
avg
(mA/
cm2)
Rs
best
(Ω)
Rs
avg
(Ω)
FF
max
FF
avg
η
max
(%)
η
avg
(%)
25 800 704 3.7 2.0 5889 4906 30.3 26.5 0.8 0.4
90 641 615 4.3 4.1 2389 2079 37.4 35.8 1.0 0.9
100 733 724 5.7 5.0 2446 2512 35.8 34.7 1.5 1.3
125 586 510 3.4 2.9 2146 2118 37.0 33.4 0.7 0.5
150 685 628 2.1 1.9 1329 1324 36.0 34.6 0.5 0.4
200 613 419 0.9 0.8 560 766 37.2 30.9 0.2 0.1
The large series resistance is evident in the low fill factor (FF) observed
across all temperatures. The smallest FF is an average of 26.5% for devices de-
posited at room temperature and increases to about 35% for devices deposited
at elevated temperature. The fill factor is further limited in the low-current
regime by photoshunting, which is apparent from Figure 5.2. Ultimately, the
efficiency is limited by the low FF. However, the efficiency increases from 0.8
% for room temperature devices to a maximum of 1.5 % for devices deposited
at 100 ◦C, in large part due to the increase in short-circuit current.
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5.2.3 External quantum efficiency characterization of
solar cell deposited at 100 ◦C
Bias dependent external quantum efficiency (EQE) measurements were per-
formed in order to further understand the photogenerated collection efficiency
and photoshunting observed in the J-V curves. External quantum efficiency
measurements were performed using a Xe arc lamp and slit monochromator,
and calibrated to a reference Si photodiode with known spectral responsiv-
ity. White light bias was provided with a broadband LED. Voltage bias was
controlled by a potentiostat.
Figure 5.3 (a) shows the EQE obtained at different voltage biases with-
out any white light bias. At zero voltage bias, the EQE is close to 60% in
the wavelength region from 500 to 570 nm before dropping off at the Cu2O
optical band edge. This indicates that the minority carrier diffusion length
in our thermally oxidized Cu2O is long and does not limit carrier collection
far from the depletion region. On the other hand, the EQE in the short
wavelength regime (below 500 nm), where carriers are generated close to the
Cu2O/Zn(O,S) junction, is significantly diminished due to high recombination
at the heterojunction interface.
Figure 5.3 (b) shows the relative change in EQE with respect to the zero
voltage bias. Reverse bias acts to increase the electric field in the depletion
region, thereby increasing the band bending and boosting carrier drift. This
results in a broadband increase in the EQE for all bias levels. The EQE
does not saturate even at large reverse biases indicating the presence of large
electronic losses. Similarly, forward bias leads to a reduction in the EQE at all
bias voltages. Figure 5.3 (c) shows the same experiment performed with white
light bias, sourced from a broadband LED, in order to more closely simulate
operating conditions. The overall EQE is reduced for wavelengths beyond
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Figure 5.3: External quantum efficiency of solar cell deposited at 100 ◦C (a)
with no light bias as a function of applied voltage bias; (b) relative change
in EQE compared to zero voltage bias. (c) EQE of same cell with white
light illumination of 0.013 suns as a function of applied voltage bias and (d)
relative change in EQE compared to short circuit operation under 0.013 sun
illumination. (e) Effect of light bias on EQE at short circuit; (f) relative change
in EQE as a function of light bias intensity.
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about 415 nm, which corresponds to the Zn(O,S) band edge, and augmented
for shorter wavelengths suggesting strong photodoping of the buffer layer under
light bias. The relative change in light-biased EQE with respect to voltage bias
is similarly broadband, as shown in Figure 5.3 (d). Figure 5.3 (e-f) illustrates
the effect of light bias intensity on EQE at short circuit conditions, and the
strong dependence of EQE response on light illumination intensity suggests
that photodoping of the emitter decreases the photocurrent barrier at the
heterojunction interface. [14, 55]
The integrated EQE without white light bias gives an expected short cir-
cuit current of 6.7 mA/cm2, which is slightly higher than the short circuit
current of 5.7 mA/cm2 measured under standard AM1.5 illumination. How-
ever, integrating the EQE corresponding to the largest available illumination
level of approximately 0.14 suns gives an expected short circuit current den-
sity of 4.3 mA/cm2, which is significantly lower than the Jsc measured using
the solar simulator. Extrapolating this trend to an EQE measured at 1 sun
illumination would give an even lower expected value of Jsc. This confirms
the presence of a large barrier to photocurrent in the dark, which is reduced
under light illumination by doping the buffer layer. One possible reason for a
large photocurrent barrier is the presence of ZnSO4 at the interface between
Zn(O,S) and Cu2O, and we explore this idea in the next section. Another
reason for low EQE response compared to the measured Jsc is a large density
of shunts, which we analyze using light beam induced current measurements.
5.2.4 XPS characterization of Zn(O,S)/Cu2O interfaces
X-ray photoelectron spectroscopy (XPS) was used to investigate the chemical
composition of the Cu2O/Zn(O,S) interface and to identify the origin of the
current blocking layer. To confirm the composition of the interface, a very thin
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layer of approximately 1-2 nm of Zn(O,S) was deposited on polycrystalline
Cu2O wafers. The samples were removed from vacuum and transferred to a
Kratos Axis Ultra photoelectron spectrometer with base pressure below 5x10−9
Torr. X-ray photoelectron spectroscopy was performed with Al K-alpha x-rays
(hν = 1486.7 eV). High resolution scans of the Cu 2p, O 1s, S 2p peaks were
acquired at 25 meV step size, 10 eV pass energy, and slot aperture.
Figure 5.4 (a) investigates the effect of annealing the Cu2O substrate in
vacuum. The as-grown surface contains a considerable amount of CuO as
evidenced by the satellite peaks between 940 and 945 eV and the shoulder at
935 eV. This CuO layer results from air exposure after the thermal oxidation
procedure and is present on all samples. Annealing at 100 ◦C reduces the
amount of CuO present at the substrate surface and is effectively eliminated
by annealing at 200 ◦C.
XPS spectra were also collected from polycrystalline Cu2O substrates with
approximately 1-2 nm thick films of Zn(O,S) deposited at different temper-
atures in order to examine the stoichiometry of the Cu2O/Zn(O,S) interface
(Figure 5.4 (b-d)). The absence of the shoulder and satellite peaks in Figure 5.4
(b) confirms the reactive removal of the CuO layer present on the as-grown
substrates by deposition of Zn(O,S). In addition, the Cu Auger spectra did
not show any evidence of elemental Cu formation and therefore we conclude
that the Cu2O surface is stoichiometric which is necessary for the best solar
cell performance [7]. Figure 5.4 (c) shows the S 2p doublet of the Zn(O,S)
film and contains composition information about the sulfur phases that are
present at the interface. It was found previously that ZnSO4 forms primarily
at the heterojunction interface [2], with the bulk of the film being the desired
zinc oxysulfide phase. The main peak position of the 2p3/2 at 161.8 eV and
the 2p1/2 position at 162.8 eV correspond to ZnS, confirming that the film is
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Figure 5.4: (a) Cu 2p peaks for a bare Cu2O wafer annealed in vacuum inside
the XPS chamber; (b) Cu 2p peaks, (c) S 2p peaks, and (d) O 1s peaks
corresponding to XPS characterization of 1-2 nm Zn(O,S) layers deposited at
different temperatures on Cu2O.
primarily zinc oxysulfide. The smaller doublet around 168 eV confirms the
presence of ZnSO4. [56] The Zn(O,S) film deposited at room temperature has
the largest amount of sulfate present. The relative sulfate content decreases
as the deposition temperature rises.
In order to check whether the presence of CuO on the surface affected
the chemistry of the growing Zn(O,S) film and promoted sulfate formation,
a Cu2O wafer was annealed at 200
◦C to remove the CuO layer and then
cooled down to 100 ◦C before depositing Zn(O,S). As shown in Figure 5.4
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(c), the concentration of sulfate in this sample is negligibly different from
the sample grown at 100 ◦C, suggesting that the presence of CuO on the
surface does not significantly promote ZnSO4 formation, and that deposition
temperature is the dominant factor in limiting ZnSO4 at the interface. The
oxygen 1s peak in Figure 5.4 (d) showed presence of the Zn-O bond at 530.4 eV
and metal hydroxide at 531.6 eV. [57] The magnitude of the hydroxide peak
decreased as the temperature was increased to 100 ◦C, but was still present.
This indicates that the decrease in ZnSO4 concentration at the interface is
of greater significance to maximizing the short circuit current, but that the
remaining hydroxide could still be limiting device performance.
5.2.5 Structural Characterization of Zn(O,S)/Cu2O in-
terface
Figure 5.5 (a) shows a bright field cross sectional transmission electron mi-
crograph of the solar cell deposited at 100 ◦C. The Cu2O layer root-mean-
square surface roughness is approximately 2 nm as measured by AFM and the
Zn(O,S) and ITO layers grow conformally. The thickness of the Zn(O,S) layer
is confirmed to be approximately 45 nm and ITO is approximately 55 nm.
Figure 5.5 (b) shows high resolution transmission electron micrographs
of the Zn(O,S)/Cu2O interface, with the inset showing the highest achiev-
able magnification. The Zn(O,S) layer is amorphous with a small amount of
nanocrystals, some of which may be due to beam-induced crystallization. The
Cu2O surface appears to have very little disorder, and no other phases seem
to be present at the interface.
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Figure 5.5: Transmission electron micrographs of Zn(O,S)/Cu2O solar cell
deposited at 100 ◦C. (a) Low resolution bright field image showing film thick-
ness; (b) high resolution image of the Zn(O,S)/Cu2O interface; (inset) highest
magnification.
Conclusions
In this work, Zn(O,S) was analyzed as an earth-abundant heterojunction part-
ner to Cu2O. We report on the effect of deposition temperature on the com-
position of the Zn(O,S)/Cu2O interface and the resulting changes in solar cell
performance. We find that deposition of Zn(O,S) without intentional substrate
heating yields an average short circuit current of 2 mA/cm2 and increasing the
substrate temperature results in a substantial short circuit current increase to
an average of 5 mA/cm2 at 100 ◦C. We correlate this improvement in cur-
rent collection to a suppression of ZnSO4 formation at the Zn(O,S)/Cu2O
interface, which acts as a barrier to photocurrent, using x-ray photoelectron
spectroscopy. However, the photocurrent barrier still exists even for the high-
est efficiency cells, and further work is needed to address this issue in order
to make Zn(O,S) a viable heterojunction partner for Cu2O. EQE measure-
ments confirm the presence of a photocurrent barrier and show strong light
and voltage bias dependent collection.
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5.3 LBIC characterization of polycrystalline
Cu2O solar cells
To further investigate the mechanisms of current collection loss in our devices,
light beam induced current measurements were conducted on a large area so-
lar cell deposited at 100 ◦C. Light (or Laser) Beam Induced Current (LBIC)
measurement is a technique that can show and help determine the causes of
spatial non-uniformity of photovoltaic devices. In this technique a laser beam
is scanned across the solar cell’s region of interest and the measured pho-
tocurrent is collected into a high-resolution map. This map can be used to
identify regions of reduced current collection. While LBIC analysis has been
instrumental in helping understand problems that face the more established
photovoltaic technologies, such as Si and CdTe, there is no such prior work in
Cu2O photovoltaics as of the writing of this thesis. LBIC analysis was per-
formed on solar cells described in the previous section, and several important
conclusions emerge from this work. First, grain boundaries are electronically
“dead,” and are to be avoided or passivated, although passivation remains an
area yet to be explored by the Cu2O community. Second, photocurrent collec-
tion seems to depend on the grain orientation relationship, and further work
is needed in this area.
5.3.1 LBIC setup
LBIC measurements were conducted on a Zeiss confocal laser scanning micro-
scope (LSM 710) modified in-house such that instead of detecting the transmit-
ted light using a photomultiplier, the current photogenerated in the device is
sensed using a transimpedance amplifier (TIA). Figure 5.6 shows the schematic
layout of the system.
5.3. LBIC characterization of polycrystalline Cu2O solar cells 60
Figure 5.6: Schematic beam path of LBIC setup [image credit: Zeiss]
The main beam splitter is a dichroic mirror that reflects the laser light
down to the sample and transmits all other wavelengths towards the detector
such that the reflected light can also be measured. Light sources include 543
nm and 633 nm HeNe diode lasers as well as an Ar laser providing 458 nm, 488
nm, and 514 nm. For the purpose of this work, laser power was kept constant
for all wavelengths at 750 nW. Although the laser spot size could not be easily
measured, we can calculate the minimum value for the diffraction limited spot
size by calculating the Airy disk diameter:
dAiry = 1.22
λex
NAobj
where λex is the excitation wavelength and NAobj is the numerical aperture
of the objective lens. Using this approximation for the minimum spot size,
the maximum power density incident on the solar cell can be calculated. This
information is tabulated in Table 5.2. Two objective lenses were used, corre-
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sponding to 2.5x magnification and 10x magnification. Larger magnification
could not be achieved because as the magnification increases, the working dis-
tance decreases and the solar cell and probe contacts could not physically fit
under the objective.
Table 5.2: Laser spot size and power density as a function of wavelength
wavelength (nm)
spot diameter (µm) power density (W/m2)
2.5x (NA=0.06) 10x (NA=0.25) 2.5x 10x
458 7.6 1.8 4133 73680
488 8.1 2.0 3639 59680
514 8.6 2.1 3228 54130
543 9.1 2.2 2883 49320
633 10.6 2.5 2125 38200
Since the actual spot size is much larger than the diffraction limited spot
size, the actual power density is less than the values calculated in Table 5.2.
The effects of laser power on the features in the image were investigated at
each wavelength and no effect on the relative intensity of photocurrent was
found, meaning that a higher incident laser power did not change the feature
landscape of the image, only increased the relative signal. It should be noted
that the current collected is not quantified, and therefore only spatial variations
within the same image can be compared. For every laser wavelength, the
digital gain and digital offset must be changed in order to maximize the signal.
Nevertheless, we can learn a lot of useful information from these qualitative
comparisons.
Figure 5.7 (a-c) shows spatially resolved photocurrent collected at different
laser excitation wavelengths using a 2.5x objective. Figure 5.7 (d) shows the
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reflected laser signal intensity so that the reflected signal can be compared
to the collected photocurrent to ensure that changes in photocurrent are not
caused by changes in reflectivity of the cell. Figure 5.8 (a-h) shows higher
resolution scans of the same cell acquired using a 10x objective.
Figure 5.7: Light beam induced current characterization of large area solar
cell using different laser excitation wavelengths and a 2.5x objective. Reflected
signal is also shown to illustrate reflectivity dependence of photocurrent col-
lection. Photocurrent maps acquired at (a) 488 nm, (b) 543 nm, (c) 633 nm;
(d) image of reflected laser light.
First, the amount of photocurrent collected decreases substantially closer
to the grain boundaries. This is not surprising for a semiconductor with no
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Figure 5.8: Light beam induced current characterization of large area solar
cell using different laser excitation wavelengths and a 10x objective. Reflected
signal is also shown to illustrate reflectivity dependence of photocurrent col-
lection. Higher magnification could not be achieved due to working distance
limitations of the objectives.
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grain boundary passivation such as Cu2O, and it underlines the importance of
minimizing the amount of grain boundaries in a polycrystalline Cu2O solar cell.
In addition, the higher resolution scans in Figure 5.8 (a-h) show the presence
of dimples on the surface that act as current sinks. There is a significant
decrease in current collection at these dimples for longer wavelength excitation,
where photons are absorbed far from the surface, which indicates that these
defects likely arise from surface termination of threading dislocations. From
these images we calculate, in ImageJ software, a dislocation density of about
5x104 cm−2 from the LBIC images. Due to the limited resolution of these
images the actual dislocation density could be much higher, so we take our
calculated value to be the minimum dislocation density in thermally oxidized
Cu2O wafers prepared by the method used in this study. Dislocations, as well
as grain boundaries, are known to reduce short circuit current and act as carrier
recombination centers in solar cells, resulting in an increased dark leakage
current. In GaAs solar cells, dislocation densities start to affect efficiency at
concentrations around 104-105 cm−2. [58]
Importantly, the LBIC images demonstrate a difference between the mag-
nitude of current collection between different grains in the solar cell. This
difference in photocurrent collection becomes more apparent as the excitation
wavelength approaches the band gap. Cu2O has an electronic bandgap of 2.09
eV at room temperature, and an optical bandgap of 1.9 eV at room temper-
ature due to its large exciton binding energy. Excitation at 633 nm (1.96 eV)
therefore produces excitons which are subsequently dissociated and collected
as current.
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5.3.2 Electron backscatter diffraction
Electron Backscatter Diffraction (EBSD) is a scanning electron microscope
technique for measuring crystallographic structure and orientation of a poly-
crystalline sample. An electron beam of 20 keV energy strikes a sample which is
tilted to 70 degrees towards a phosphor screen and CCD camera, which records
the backscatter Kikuchi diffraction pattern at each point that is scanned by
the electron beam.
To investigate possible reasons for the grain dependence of photocurrent
collection, the out of plane crystallographic orientation of the polycrystalline
wafers of Cu2O was mapped using EBSD, as shown in Figure 5.9. The grain
contributing the most photocurrent in Figure 5.9 is measured by EBSD to
have a (1 0 1) surface orientation. Other grains, including {1 1 0}-type, have
a significant effective offcut. DFT calculations have shown that the {1 1 0}-
type orientations of Cu2O have the lowest surface energy, which affects surface
stability and reactivity. [29]
Figure 5.9: Comparison of (a) LBIC map with (b) EBSD orientation map with
legend corresponding to the direction normal to the wafer surface.
Variations in surface energy should therefore lead to a surface chemistry
that varies with orientation. Differing CuO layer coverages of the Cu2O sub-
strates may affect the properties and conductivity of the deposited Zn(O,S)
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layer, thereby influencing the band offsets at the heterojunction interface as
well as the depletion width. Orientation-dependent carrier transport for could
also explain the variation in photocurrent collection with grain orientation,
although Cu2O has a cubic crystal structure and these effects have not been
measured for single crystals. Our results suggest that an ideal surface chem-
istry is difficult to achieve for all grain orientations in a polycrystalline wafer,
and this may be limiting polycrystalline Cu2O photovoltaic efficiencies. We
are currently exploring the crystallographic orientation dependence of Cu2O
solar cells using single crystals.
Conclusions
Light beam induced current measurements reveal a crystallographic orienta-
tion dependence of photocurrent collection, as well as a strong reduction in
photocurrent around grain boundaries and threading dislocations. The dif-
ference in performance between different grains of the polycrystalline Cu2O
wafer suggests that (a) optimization of the entire polycrystalline surface may
be impossible, limiting the potential viability of polycrystalline Cu2O and (b)
an optimal orientation of Cu2O exists that would optimize the surface sto-
ichiometry and maximize efficiency. Our findings suggest the (1 1 0) surface
maximizes photocurrent collection, and agree with theoretical calculations that
have shown that the (1 1 0) orientation has the lowest surface energy.
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5.4 Thin Film Cu2O Devices
Having developed growth of Cu2O on heteroepitaxial ohmic templates in chap-
ter 4, the next step was to see how these thin films compare with polycrystalline
wafers when it comes to solar cell performance. Figure 5.10 shows the basic
structure of these devices. The Cu2O films grown on Pt and Au templates were
transferred into the sputtering chamber and Zn(O,S) heterojunctions were de-
posited, followed by ITO top contacts, following the same procedure that was
developed for polycrystalline wafers.
Figure 5.10: Structure of thin film solar cells.
The first devices that were made had Zn(O,S) layers deposited at room
temperature. Figure 5.11 shows the photographs of these devices and J-V
curves are presented in Figure 5.12.
Figure 5.11: Photographs of thin film solar cells.
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The Cu2O layer thickness of both of these solar cells was approximately
420 nm, measured by profilometry and also expected from the previously mea-
sured growth rate of approximately 140 nm/hr. This thickness of Cu2O is not
enough to absorb all the incident light, so we expect a decrease in perfor-
mance compared to the bulk polycrystalline wafers. Both cells are based on
MgO (1 0 0) single crystals, which were shown in chapter 3 to produce epitaxial
metal films with sub-nm roughness for both Au and Pt.
Figure 5.12: J-V curves of thin film solar cells deposited at room temperature
on MgO (100).
From Figure 5.12, the device based on Pt exhibits a higher open circuit
voltage of 827 mV as well as a higher short circuit current of 0.84 mA/cm2
compared to the device based on Au, which had a Voc of 737 mV and Jsc of
0.69 mA/cm2. However, the Au-based device has a higher fill factor of 0.30,
compared with 0.27 for Pt. This may be due to a lower degree of shunt-
ing, indicated by the smaller slope of the light curve around Jsc. While both
samples had several individual solar cells, the results presented here are of
the highest efficiency cells from each set. The generally low fill factor as well
as short circuit current may be attributed to the current blocking layer in
room-temperature deposited Zn(O,S) that was explored earlier in this chap-
ter. Figure 5.13 shows the current-voltage characteristics of a thin film Cu2O
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solar cell based on Pt (1 0 0) where the Zn(O,S) layer was deposited at 100◦C.
These results are analogous to the polycrystalline Cu2O case, and the open
circuit voltage has dropped slightly to 667 mV, however the short circuit cur-
rent has increased to 3.75 mA/cm2. The fill factor has also increased to 0.35,
which is close to the best result for polycrystalline Cu2O cells.
Figure 5.13: J-V curves of thin film solar cells deposited at 100◦C.
Further work is being carried out to grow thicker Cu2O films by molecular
beam epitaxy in order to absorb all the incident light.
Chapter 6
Conclusions and Outlook
This thesis focused on understanding and improving photovoltaic performance
of Cu2O devices. To mitigate issues present in bulk thermally oxidized wafers
and to provide a viable path for high quality thin film growth, we devel-
oped heteroepitaxial growth techniques to deposit Cu2O. First, we successfully
demonstrated epitaxy of Cu2O on MgO single crystalline substrates of differ-
ent crystallographic orientations. Next, we developed heteroepitaxial ohmic
contact templates of Pt and Au using biased sputtering. We then used these
templates to grow Cu2O thin films and made the first Cu2O/Zn(O,S) thin film
solar cells where the active layer was deposited by molecular beam epitaxy.
In parallel, we explored the Cu2O/Zn(O,S) heterojunction using bulk ther-
mally oxidized wafers in order to understand sources of current loss in these
devices. We found that a current blocking layer consisting mostly of zinc sul-
fate was present at the interface and that this layer could be minimized by
raising the deposition temperature of Zn(O,S). We also performed the first
light beam induced current measurements on polycrystalline Cu2O solar cells,
which revealed the detrimental effects of unpassivated grain boundaries in
polycrystalline Cu2O as well as presence of grain-dependent photocurrent col-
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lection, which points to differences in surface reactivity of the different grain
orientations. The difference in performance between different grains of the
polycrystalline Cu2O wafer suggests two important conclusions. First, opti-
mization of the entire polycrystalline surface may be impossible, limiting the
potential of polycrystalline Cu2O from achieving high open circuit voltages
throughout the device. Second, an optimal orientation of Cu2O exists that
would optimize the surface stoichiometry and solar cell efficiency.
From the results on thermally oxidized wafers, it is apparent that in order to
maximize device efficiency, wafers that have very large grains, preferably single
crystalline wafers oriented in a particular orientation need to be fabricated.
Our results indicate that the (1 1 0) orientation is likely to produce the best
interface due to stability of that surface orientation, and this needs to be
investigated further. One approach that is being explored in our group is
to use the float zone method to grow boules of Cu2O and then orient and
cut them exposing the desired surface orientation. Another, arguably simpler
approach, is to further develop molecular beam epitaxial techniques for higher
quality thin films. So far we’ve only had the chance to explore growth on
MgO, Pt, and Au, and even those films are not as high quality as they can be
with further optimization.
Ultimately, in order to produce a solar cell suitable as a top cell in a tandem
structure with a c-Si bottom cell, it is imperative that the back contact absorbs
as little light as possible. Therefore Pt and Au films will most likely not be
transparent enough, unless made ultra thin. One approach is to use graphene
as a back contact. We have shown that a monolayer of graphene placed on
top of a Cu2O wafer will allow many materials that would otherwise form
rectifying contacts to Cu2O to make an ohmic contact. This is important
because it potentially allows the use of any transparent conducting material
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to make ohmic contact to Cu2O.
We’ve also briefly explored epitaxial lift-off of Cu2O films grown on alkali
halides such as NaCl, which simply dissolve in water, leaving the ultra thin
Cu2O layer floating on the surface. This idea is demonstrated in Figure 6.1.
Epitaxial lift-off can enable synthesis of a thin film cell that can be lifted-off
its substrate and placed on top of a c-Si cell to form a tandem. In this scheme,
graphene can be used as a transparent ohmic back contact.
Figure 6.1: Schematic of epitaxial lift-off of solar cell
In addition, there is a lot of room to explore heteroepitaxy of Cu2O in the
superstrate configuration, where instead of being grown from the bottom con-
tact up, the first layer to be deposited is the top transparent conducting con-
tact, followed by the buffer layer/heterojunction partner, and then the Cu2O
absorber layer can be grown on top of that, followed by the back contact. This
can be a particularly fruitful avenue for achieving crystalline heterojunction
partners such as Ga2O3, which can be deposited at high temperature without
adversely affecting the Cu2O film.
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Lastly, understanding the self-compensation and doping mechanisms in
Cu2O is paramount to achieving a high efficiency solar cell.
Appendix A
Oxide MBE User Guide
A.1 Sample loading
1. Clean chuck with IPA, attach sample using Mo clips.
Ag paste has been used in the past, but while it does help provide good
thermal contact, there is a risk of sample and chuck contamination. If
using Ag paste, either use a clean Si wafer as a sacrificial layer, or have
a dedicated chuck for Ag paste use. Note this will also have an adverse
effect on the base pressure.
2. Load chuck into load lock, sample facing down, such that the loading
arm fork grips the bottom groove of the chuck (the groove that’s now
closest to the top surface of the chuck since the chuck is upside-down).
Ensure that the chuck sits securely in the grooves of the fork.
3. Close lid, turn on nitrogen flow (green valve), if not already flowing.
Purging the load lock with nitrogen helps dilute some of the water and
oxygen that are present in air.
4. Turn off nitrogen after purging. Turn on mechanical pump, wait for
pressure to get below 20 mTorr. To prevent the pump from overheating,
turn on the cooling fan.
5. Turn on turbo, wait for it to spin up and give it 20 min to pump down.
The load lock is equipped with a quartz heating lamp for internal baking.
This helps achieve a lower base pressure in the load lock and eliminate
water contamination. Turn on the lamp by slowly turning on the variac
located below the load lock. Let it bake for as long as needed (a few
hours to overnight). Note that this will also heat up the substrate and
chuck, so before loading into the main chamber, make sure to slowly
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Figure A.1: Oxide MBE system
turn off the variac and let the chuck cool. Use the ion gauge on the load
lock (IG2) to measure pressure before opening the gate valve. Also, it’s
a good idea to check the turbo pump motor current to get a sense of the
gas load.
6. Once pressure in load lock is stabilized, open the gate valve and slide
sample into the main chamber. Use the webcam and gooseneck lamp to
observe. First, move the loading arm magnet such that the chuck slides
onto the main chamber fork assembly. Use the tilt and rotation knobs to
ensure correct placement. Once the chuck is loaded all the way, use the
rotation knob to rotate the main chamber fork clockwise. The tilt knob
may need to be adjusted. Once rotation is no longer possible, tilt the
assembly to unlatch the chuck and carefully start to pull out the arm.
Make sure to watch the webcam; this might be tricky. If the chuck slides
off, make sure to re-adjust tilt and rotation. Once the main chamber fork
is facing towards the evaporation sources, pull out the arm all the way
and close the gate valve. Tilt the substrate chuck to its final position
and lower the sample shutter.
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A.2 General growth procedure
Figure A.2: Oxide MBE controls
A.2.1 Heating Cu source
Before heating any source, make sure that its shutter is closed (and also prefer-
ably the substrate shutter).
The Cu evaporation cell takes a long time to heat up (around 3 hours),
so usually start this first. Use the eurotherm to create a heating and cooling
program. Currently for Cu, the following program is set:
1. Heat to 1000◦C at 10◦C/min
2. Dwell for 5 min
3. Heat from 1000◦C to 1325◦C at 5◦C/min (It’s important to go slowly
through the solid to liquid transition (around 1080◦C for Cu) and back
since this places a lot of stress on the crucible. I keep heating slowly
slowly to the deposition T because the Sorensen power source is close to
the current limit of 18 A at this point, and I found that it gets unstable
if heating faster. Alternatively, can find another power supply with a
higher maximum current.)
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4. Dwell at 1325◦C for 5 min. This is the deposition temperature so we can
press “hold” on the eurotherm to pause the program at this T. (The rest
of the program is the reverse of previously mentioned steps. Note that
it’s again very important to cool slowly around the phase transition).
It’s useful to know what the resistance of the evaporation source filaments
is at different temperatures. This way you can anticipate a failure or know if
something is wrong.
The same procedure would apply to other evaporation sources, just make
sure to check acceptable heating rates for each material.
A.2.2 Heating substrate
Substrate heating is a little different since there is no thermocouple measuring
temperature and feeding this back to the controller. Therefore we just slowly
increase the power output to achieve a certain temperature. This is done in
“manual” mode on the eurotherm. Make sure to increase the power slowly.
Figure A.3 shows the approximate relationship between the power output and
substrate temperature. The actual temperature is higher since this calibration
was done at 104 Torr, and typical growth pressures are at least an order of
magnitude lower.
Figure A.3: Substrate heater calibration using thermocouple wafer
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A.2.3 Plasma
Figure A.4: Process gas control. Top: piezo leak valve controller used to set
gas flow rate; middle: plasma matching unit; bottom: RF power generator.
1. Start recording chamber partial pressures with the RGA.
2. Ensure that the process gas tank is open, as are all the valves leading
up to the piezo leak valve. Also make sure the cooling water is flowing.
3. Turn on PLV1000 leak valve controller, RF power generator, and HD25
controller.
4. Set the “load” and “tune” to Auto (they reset to manual whenever you
turn off the controller).
5. Set ion deflection plate voltage to desired value (this will deflect ions
away from the film, leaving only neutral atoms in the beam).
6. Start flowing process gas by slowly opening the leak valve. Once the
chamber pressure reaches mid-10−6 Torr, set RF power to 125 W and
turn on. The reflected power should spike and then decrease to zero. If
it’s not decreasing to zero, the tune and load are either not set to auto
(or the values are not appropriate).
7. Once the reflected power has gone to zero, this is the low brightness
mode of the plasma (the plasma is not “lit”). Now we need to increase
the process gas pressure (but not above 10−4 Torr) and plasma power
(but not above 200W) until the high brightness mode is reached. It
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sometimes helps to spike the pressure (for example by closing the green
shut-off valve behind the piezo leak valve while keeping the leak valve
open and then opening the green valve again). The high brightness mode
has a region of stability, and will extinguish if the pressure it too high or
too low. Once the high brightness mode is reached, reflected power will
once again spike and then decrease to zero.
8. Once the plasma is bright, decrease the chamber pressure to the desired
deposition pressure and slowly set the power. Let the plasma stabilize
for a few minutes.
9. Using the PCR mode is recommended. This mode, which can be accessed
by pressing the main knob, will automatically adjust the plasma power
to achieve a constant optical emission voltage. The optical emission
voltage is the integrated optical emission of the plasma and contains
information about the plasma efficiency. Keeping a constant emission
voltage usually produces the most reproducible results. One reason that
the emission voltage would change is a change in flow rate, which usually
happens during the first few hours of plasma operation as the pressure
in teh chamber reaches steady state.
The plasma should be checked at least once every hour during the first
4-5 hours of growth, and the leak valve pressure can be adjusted (usually an
increase is necessary) slightly in order to keep the power from increasing too
much. After that the system becomes very stable and can run for many hours
without any adjustments. (But don’t take my word for it!)
To switch process gas between O2 and Ar/O2 mix, close the tanks, use
an oil free scroll pump to evacuate the gas lines. Purge with the gas you are
switching to and evacuate a couple times.
A.2.4 RHEED
1. Open KSA400 software, hit Live Video button.
2. (When using process gas) Ensure that the load lock is pumped down
fully and open the backing port. This allows for differential pumping
of the RHEED gun, which is important when the chamber pressure is
above 10−6 Torr, and especially important for operation with oxygen.
3. Ramp up voltage and current slowly, according to the manual (or slower).
For voltage, ramp to 10 kV over 10 s, then to 20 kV over 10 s. For current,
0 - 1 A in 5 sec, then steps of 0.1 every 5 s up to 1.5 A (if new filament,
or after venting, for current use 0 - 1 A in 15 s, 1 - 1.2 A in 30 s, wait
30 s, then 0.1 A every 20 s).
4. Use beam deflectors and sample tilt (top knob)/sample rotation (bottom
knob) to position the substrate to get a signal. Note: if sample is not
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conductive (like MgO), can cause significant charging; flowing process
gas and turning on the RF source may help.
There are 2 levels of standby for the RHEED gun. If not using the RHEED
for a period of time less than 1 hour, the current and voltage can be kept at
1.2 A/20 kV. For standby times between 1 and 2 hours, use 1 A/10 kV. If not
using it for longer than 2 hours, decrease both to 0.
Placing the substrate in the same position on the chuck is important for
finding it in RHEED as well as getting reproducible depositions.
Note that electron beam exposure does locally affect the growth of the film,
so make sure to keep the beam shuttered when not recording images.
A.3 Shutdown
1. To complete film deposition, first shutter the substrate.
2. Shutter the evaporation cell and run the cooling program.
3. To turn off the plasma, first set PCR back to manual mode. The slowly
decrease the power to less than 100 W. Turn off the power and slowly
decrease the piezo leak valve voltage to zero.
4. Decrease the substrate heater power slowly at the desired rate and wait
for all components to cool before unloading sample.
A.4 Notes and Troubleshooting
• Power outages happen, and let’s hope they don’t happen when you’re
growing. The main issue with a power outage on this system is that
the cryo shuts down and doesn’t start back up again, even if the power
is out for a fraction of a second, and unfortunately our system doesn’t
have the option to start it back up again, although some others do. So
the best thing to do is to restart the cryo as soon as possible, unless it’s
heated up to above 20 K.
• The sample chuck is made from Haynes alloy 230, which is a Ni alloy with
good oxidation resistance at high temperature and high machinability.
• The sample heater is made from a solid piece of SiC. The wires leading
to the SiC are Ag-coated Cu, which is somewhat resistant to oxidation,
but high current does decrease their lifetime. For reference, the wires
have broken twice in the past 6 years.
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A.5 Bakeout
The system is fitted with several heating tapes for bake out. Ramp the power
slowly in increments of 5 every 15 min or so to let the system slowly heat up.
Use a thermocouple to measure the chamber temperature and make sure there
are no hot spots. Bake for as long as necessary (you can bake between runs
also for the lowest base pressure), and remember to cool slowly.
Appendix B
PLD User Guide
Notes on system usage, cleaning, and maintenance
Written by WooChul Jung and Yulia Tolstova.
Figure B.1: Main control panel
B.1 Cleaning and loading
1. Clean the interior of the vacuum chamber with isopropyl alcohol, gen-
tly wiping down surfaces to remove residue from previous depositions.
Clean and polish the window which faces the laser optics with diamond
paste. Be careful that your skin does not touch the inside surfaces of
the chamber. Always wear gloves while touching the inside of the cham-
ber and a lab coat so that you do not contaminate your clothing with
deposited material. Wear a respirator.
2. (Optional) Clean and polish the sample stage, shutter, and shields sur-
rounding the target to prevent contamination and ensure even distribu-
tion when sputtering. Note that the shutter is difficult to remove, and
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Figure B.2: Target flange
that replacing it should be done with care to ensure that it is secure and
parallel to the heater coil. This is not mandatory for most samples.
3. Attach your samples to the substrate holder using clips. DO NOT
OVERTIGHTEN THE SCREWS! Since you will be heating this as-
sembly up to very high T, thermal expansion will degrade the screw
threading and may make it impossible for you to remove the screws
later.
4. Install the substrate holder by aligning the holes with the screws sur-
rounding the substrate heater coil, and turning the substrate holder
clockwise. Tighten the 4 screws gently and ensure the substrate holder
is secure.
5. Install new target at a consistent height to ensure similar deposition each
time. (The target needs to have a flat surface, so polishing the target
is recommended.) Place the base of the ruler against the hole on the
bottom of the flange, and align the top of the target to a certain height
(e.g. the 20.35 mm mark). Changing the height of the target can greatly
alter laser focus and deposition rate/time. Note that this height changes
after each laser alignment.
6. After cleaning, polishing, and installing your new target, replace the
flange and tighten the 4 screws with the wrench. Make sure that the
rubber O-ring is placed properly. The screws should be spaced out evenly
(with 4 screw-holes in between each screw). Reconnect X and Y cables
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Figure B.3: Sample shutter
to the motors by aligning the grooves in the cable to the matching mark
on the motor.
7. Lower the shutter to the 85 mark, making sure that it does not contact
your sample holder clips.
8. On the panel, “Control Substrate Motor,” press “Home/Enable,” and
then “Rotate at Constant Velocity,” (e.g. 10 deg./s). Sometimes the
sample holder will contact the shutter and knock down your samples.
Stop the motor until you are ready for deposition.
9. Set motor controls (X for target carousel and Y for target) to rotate
sample gently and ensure even deposition (see Figure 4). On the “Control
Target Motors” panel on the left side, press “Home” to home the target
carousel. Set the Desired Angle, Start Angle, Home Angle, and Velocity
(e.g. 200 deg.; 195 deg.; 205 deg., 10 deg./s) and press “Raster.” On the
top right of the panel, press “Enable” and “Rotate,” (e.g. 17 deg./s).
Check that the motors work properly and stop them until you are ready
for pre-ablation of the target. [Note: if the X motor decides to travel
in the negative direction indefinitely during the homing sequence, try to
gently adjust the electrical contact on the outside of the flange.]
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Figure B.4: Target motor control
B.2 Pumpdown
10. After the flange is closed and you are reasonably confident that the
rubber O-ring is in place, pump down the chamber:
(a) Open the gate valve fully (may hear a soft hiss as pressure equili-
brates between turbo pump and chamber).
(b) Turn on the mechanical pump and wait for the pressure to reach less
than 1 Torr. (This is necessary only when using external backing
pump; if using the diaphragm pump, proceed to next step).
(c) Press the “Turbo-on” button on the Vacuum Control panel on the
computer (Fig B.5).
11. The software automatically sets the target turbo Rotation Speed to the
maximum 1000Hz. While this is meant to optimize pumpdown time,
it puts a lot of stress on the turbo, since it has to operate at maxi-
mum power in order to deal with the large gas load at the beginning of
pumpdown. It is best to immediately lower the Rotation Speed to
300Hz and wait for the pressure to stabilize before slowly increasing the
Rotation Speed (such as in increments of 100Hz), up to about 600-700
Hz, if you need a lower base pressure. However, most users will not need
to increase the speed above 600Hz, especially if you plan to flow gas
during growth.
It is very important to monitor the turbo Motor Current, located in the
Pfeiffer Turbo Control window shown above. The maximum value is 3.8
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Figure B.5: Vacuum control
Amps, and the turbo should not be at the maximum value for extended
periods of time. If it is, that means the gas load is too high and Rotation
Speed has to be reduced. Please do not change any of the parameters in
this window, it should only be used to monitor the turbo power.
12. Open the LN2 tank.
B.3 Pre-deposition
B.3.1 Temperature Control
13. Set the heating coil to your target temperature (e.g., 900 deg. C) at
fixed ramp rate of 10 or 15 deg. C/min. For Control Type, make sure to
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Figure B.6: Turbo control
select “Ramp Rate,” and “deg/minute,” not “deg/second”. Press start
to begin heating (see Figure B.7). Turn on the chiller.
B.3.2 Deposition pressure control
14. When heater temperature reaches your targeted value, reduce the turbo
pump speed to 500Hz, if necessary, by entering “500” in “Set Rota-
tion Speed” and pressing “Set New Rotation Speed” button in “Vacuum
Control” (see Figure 2).
15. Wait until the actual turbo speed reaches 500 Hz.
16. Open the tank corresponding to your process gas and the valves associ-
ated with it.
17. Open “FINE” valve and control the deposition pressure by adjusting
the manual flow meter (see Figure 1). DO NOT open “COARSE” or
“VENT” valves. This will kill the turbo pump. Let the gas flow equili-
brate. Remember not to put too much strain on the turbo. It is better
to flow less gas and decrease the turbo rotation speed. Never flow gas if
the turbo speed is above 600Hz.
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Figure B.7: Heater control
B.3.3 Laser warm-up
18. Inspect the laser and system to make sure that the plastic beam-path
protection cage is closed and flush with the chamber and laser. No part
of the beam path should be exposed. Make sure the laser shutter is
closed and that the exhausts are connected and functioning properly.
19. Get a pair of Laser safety goggles with OD above 9 for UV wavelengths
(248nm)
20. Turn on laser (switch, then key) and wait 5 min for the laser self-test to
complete (make sure you are familiar with the Laser SOP before doing
this).
21. There are 3 modes available for laser use: HV, EGY NGR, EGY PGR.
HV mode (where the voltage is kept constant and energy may decrease
as a function of time, is used only for aligning the laser and calibrat-
ing the energy meter (by users trained to do so). EGY NGR (constant
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energy, gas not refilling automatically) mode should be used for deposi-
tions (up to several hours). EGY PGR mode is only used for systems
under continuous operation, and here the laser will partially refill itself
automatically to keep a constant energy output. DO NOT USE THIS
MODE. This would require keeping the halogen mix tank open, and our
lab is not safely equipped for that.
22. Check that the laser is programmed with the correct parameters for your
deposition. Press “Trigger INT/EXT” and select “EXT” by arrow and
hit “ENTER”. (Now the computer controls the laser externally.) Press
“MODE” and select “EGY NGR” by arrow and hit “ENTER”. (Now
it is under a constant energy mode.) Press “EGY” and enter a desired
energy (e.g., 300 mJ) and hit “ENTER”. (Now the output energy is
set.) Press “REPRATE” and enter a desired rate (e.g., 1-20 Hz) and
hit “ENTER”. (Now the reprate rate is set.) Note that using a reprate
above 15Hz, the laser cooling water must be on.
23. Press “RUN/STOP” and hit “EXE”. (The laser will wait for a command
from the computer.)
24. It is essential to first warm up the laser; this will ensure uniform pulse
parameters. Make sure your laser safety goggles are on, and that the
sample shutter is down and the laser shutter is closed. In the laser
control window (Figure 6), run 100 pulses with a frequency of 1Hz; then
run 100 pulses at 5Hz, and so on until you reach your desired pulse
frequency and energy.
B.4 Pre-ablation & deposition
25. Start up the X and Y motors again. Enter a number of pulses and
frequency in “Control Laser” and Press “Start Laser” button. Typi-
cal required number of pulses for laser pre-ablation to clean the target
surface is 5000 to 10000.
26. When the pre-ablation is done, raise the sample shutter back to “0”.
Turn on the Substrate motor. Enter targeted number of pulses and
frequency in “Control Laser” and press “Start Laser”.
27. During the deposition, you’ll need to monitor the chamber pressure and
correct it by changing the flowmeter slightly, and sometimes the turbo
rotation speed.
28. At the end of your deposition, close the laser shutter. Turn off laser:
first press STOP on the keypad, then turn the key and then the circuit
breaker switch.
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Figure B.8: Laser control
B.5 Annealing & Cooling Down
29. (If you need to anneal your film in a high partial pressure of oxygen:)
Close the gate valve. Close “FINE” valve. Turn off the turbo pump by
pressing “Shutdown Turbo Without Vent” from “Vacuum Control” in
the computer (see Figure 2). Increase the chamber pressure to 100 Torr
of oxygen by opening “COARSE” valve. Wait 20 min to oxidize your
films.
30. Set heating coil temperature to zero at ramp rate of 10 deg.C/min. Press
start to begin cooling (see Figure 5). (Alternatively you can use a script
which will wait 20 minutes and automatically begin cooling down).
31. If you don’t need to anneal your film after deposition, you can proceed
to the next step once your sample has cooled down.
B.6 Venting
32. Make sure the gate valve connecting the turbo pump to the chamber is
closed (clockwise to close, also check indicator pin). Press “Shutdown
Turbo Without Vent” from “Vacuum Control” in the computer (see Fig-
ure 2). DO NOT use “Shutdown Turbo with Vent”.
33. Once the turbo has reached a speed below 400 Hz, turn off the mechanical
pump. [Note: this is applicable when not using the normal diaphragm
backing pump which is part of the pumping station].
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34. Unplug the cables attached to the X and Y motors on the flange which
supports the target carousel. Loosen the screws on this flange to avoid
overpressurization. (Make sure that the gate valve is now closed!) Open
the “Vent” valve to backfill the chamber with nitrogen. When the pres-
sure in the chamber reaches 700 Torr (see convectron gauge in Figure 1),
close the vent valve so you don’t pressurize the chamber.
35. Placing your arm under the motors and one hand on the bottom of the
flange, gently pop off the flange to break vacuum and slowly remove the
flange/carousel apparatus. Place the flange in the Styrofoam holder on
the floor (see Figure 3). Make sure not to damage electrical ports and
connections on the outside of the flange.
36. Close LN2 tank and turn off water chiller when you are finished.
B.7 Note
Between your depositions, you should monitor the cleanliness of the window
through which the laser must pass to hit your target. If the rectangular “spot”
gets too thick, you will lose intensity and focus. Clean the laser window with
diamond paste roughly every 100k-200k pulses.
B.8 Laser Refill Procedure
The laser gas has a dynamic and static lifetime. The dynamic lifetime corre-
sponds to the maximum number of pulses that can be generated by a given
quantity of laser gas; this number is on the order of 25 million pulses. The
static lifetime corresponds to the time the gas can stay inside the laser cavity
before decomposing; this is typically between 1 and 2 weeks.
1. Check that the laser is on and ready to go. Ensure that all exhaust is
connected and operating (gas roughing pump, gas cabinets).
2. Open the premix and He tanks in the gas cabinet. Ensure all the proper
valves are open, and all others are closed (that the He connection to the
premix tank is closed). You can check this by following the gas lines.
3. First, flush the He line (the inert gas in this case). Flushing the line
evacuates gas inside the line using the roughing pump under the laser.
On the laser keypad, press FLUSH LINE→ INERT→ ENTER→ EXE
(do this 3 times).
4. Next, flush the buffer gas (F premix) line. On the laser keypad, press
FLUSH LINE → BUFFER → ENTER → EXE (do this 3 times). IF
YOU SMELL ANY GAS (F2), IMMEDIATELY CLOSE THE TANKS
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AND CONTACT THE STUDENT SAFETY OFFICERS. Do not con-
tinue. Follow emergency guidelines.
5. Start the refill process where the mechanical pump will first pump out
the laser cavity and then refill it with a fresh buffer. On the laser keypad,
press NEW FILL → ENTER → EXE.
6. Once the refill has finished, close the premix tank. NOTE: the process
should complete within 15 minutes. If the refill doesn’t stop automati-
cally, and the pressure is not increasing anymore, press BREAK on the
control pad.
7. Now it is important to purge the buffer line so that no premix remains
there. “Purge” will evacuate the gas in the line using the vacuum pump
and then refill the line with the inert gas (He). On the laser keypad,
press PURGE LINE → BUFFER → ENTER → EXE (3 times). Close
the He tank and all valves associated with the tanks inside the cabinet.
8. The laser is now ready to use. Note the date and laser tube pressure
( 3320mbar) in the Log book.
B.9 LN2 tank
We have a special fitting on our LN2 tank that allows us to use the boil-off as
the source (this is great for low pressure requirements). When you refill the
tank, make sure you for THE SAME TANK so we don’t lose that fitting.
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